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Abstract
In the last decade, the measurement and stabilization of the carrier-envelope
phase has become a mature technology, which offers diverse applications in
the fields of frequency metrology and attosecond physics. The most limiting
aspects of this technology are the achievable residual phase jitter and the
long-term stability.
The present thesis is dedicated to improvements of the carrier-envelope
phase stabilization in response to these aspects. In order to realize such im-
provements, the fundamental noise sources are identified, and suitable mea-
sures for their reduction are proposed. It is shown that both, the measurement
of the carrier-envelope phase as well as its control are corrupted by different
noise contributions.
On the one hand, the detection process is influenced by technical noise
sources, which arise especially in the used nonlinear interferometers. It is
demonstrated how such limitations can be minimized by a suitable choice of the
interferometer topology. On the other hand, the detection noise in the electro-
optic conversion represents a fundamental limitation, since the optical shot
noise as well as the noise induced by the light detector inevitably influence the
measurement of the carrier-envelope phase. A reduction of these constraints
is solely achieved for higher detected light fluences, which are quantified in the
framework of numerical calculations. On the basis of a numerical optimization
of the spectral broadening process in a micro-structured fiber, an enormous
improvement of the signal-to-noise ratio by 20 dB is obtained experimentally,
which significantly reduces the limitation of detection noise.
So far, the best stabilization results have been achieved with a feed-forward
approach, which is based on an acousto-optical frequency shifter. This tech-
nique, however, suffers from several constraints that are mainly caused by vary-
ing dynamics of the carrier-envelope phase in oscillator pulse trains. A novel
double stabilization scheme solves this issue by combining the feed-forward
stabilization with a classical feedback loop. This method enabled a reduction
of the residual phase jitter to an unprecedented value of 20milliradians, which
corresponds to temporal fluctuations of the carrier-wave with respect to the
envelope of only 8 attoseconds. Beyond that, several further concepts are intro-
duced that are capable of stabilizing the CEP without any feedback to the laser
oscillator. One of these concepts, referred to as the acoustic frequency comb,
represents a pulsed feed-forward stabilization, which is specifically designed
for the use in combination with a subsequent amplification stage. First exper-
imental results indicate that residual phase jitters of less than 100milliradian




Die Messung und Stabilisierung der Carrier-Envelope Phase von ultrakurz-
en Laserimpulsen hat sich im letzten Jahrzehnt zu einer ausgereiften Techno-
logie entwickelt, die vielfältige Anwendungsmöglichkeiten im Bereich der Fre-
quenzmetrologie und der Attosekundenphysik bietet. Die Limitierungen dieser
Technologie für derartige Anwendungen sind zum einen das erzielbare Rest-
phasenrauschen und zum anderen die begrenzte Langzeitstabilität der bisher
genutzten Ansätze.
Die vorliegende Arbeit ist der Verbesserung der Carrier-Envelope Phasen-
stabilisierung hinsichtlich dieser Aspekte gewidmet. Zur Realisierung solcher
Fortschritte werden die grundlegendsten Rauschquellen identifiziert und ge-
eignete Maßnahmen zu deren Verringerung vorgeschlagen. Es wird gezeigt,
dass sowohl die Messung der Carrier-Envelope Phase als auch deren Kontrolle
durch verschiedene Rauschbeiträge beeinträchtigt wird.
Der Detektionsprozess ist dabei einerseits durch technische Rauschquellen
beeinflusst, die vor allem in den verwendeten nichtlinearen Interferometern
auftreten. Es wird demonstriert, wie diese Beschränkungen durch geeigne-
te Wahl der Interferometertopologie verringert werden können. Andererseits
repräsentiert das Detektionsrauschen während der elektro-optischen Wand-
lung eine fundamentale Limitierung, da das optische Schrotrauschen sowie
das Rauschen des Lichtdetektors die Messung der Carrier-Envelope Phase un-
ausweichlich beeinträchtigen. Diese Beschränkungen können einzig durch eine
Erhöhung der detektierten Lichtstärken verringert werden, was im Rahmen
von numerischen Berechnungen quantifiziert wird. Anhand einer numerischen
Optimierung des spektralen Verbreiterungsmechanismus in einer mikrostruk-
turierten Kristallfaser wird experimentell eine enorme Steigerung des Signal-
Rauschabstandes um 20 Dezibel erreicht, was die Limitierung durch Detekti-
onsrauschen deutlich reduziert.
Die bisher besten Stabilisierungsergebnisse von Laseroszillatoren wurden
mit einem feed-forward Stabilisierungsansatz erreicht, welcher auf einem akusto-
optischen Frequenzschieber beruht. Dieses Verfahren unterliegt jedoch gewis-
sen Beschränkungen, die im Wesentlichen auf eine variierende Dynamik der
Carrier-Envelope Phase in einem Oszillatorpulszug zurückzuführen sind. Die-
ses Problem wird durch eine neuartige Doppelstabilisierung gelöst, welche die
feed-forward Stabilisierung mit einer klassischen Feedback Regelung kombi-
nert. Mit dieser Methode wird das Phasenrestrauschen auf beispiellose 20
Milliradian begrenzt, was zeitlichen Fluktuationen der Trägerwelle gegenüber
der Impulseinhüllenden von lediglich 8 Attosekunden entspricht. Darüber hin-
aus werden weitere neue Stabilisierungskonzepte vorgestellt, die gänzlich ohne
Feedback zu dem Laseroszillator auskommen. Bei einem dieser Konzepte, das
als akustischer Frequenzkamm bezeichnet wird, handelt es sich um eine gepuls-
te feed-forward Stabilisierung, die speziell für das Zusammenwirken mit einer
nachfolgenden Verstärkerstufe konzipiert ist. Erste experimentelle Ergebnisse
zeigen, dass zukünftig ein Phasenrestrauschen von weniger als 100 Milliradian
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Ultrashort laser pulses with femtosecond pulse durations open interesting oppor-
tunities for the investigation of fast fundamental physical processes that cannot be
temporally resolved by standard electronic measurement schemes, e.g., molecular
dynamics or chemical reactions. While several different techniques for short pulse
generation have been invented in the early days of laser science, it is the technique
of mode-locking [1, 2] that has succeeded in the generation of the shortest laser
pulses. In 1987, external pulse compression techniques led to the generation of
optical pulses as short as three optical cycles [3], which, for the first time, ques-
tioned the validity of the slowly-varying envelope approximation (SVEA) [4]. To-
day, broadband Kerr-lens mode-locked Ti:sapphire lasers routinely generate such
few-cycle pulses, and even pulse durations in the single-cycle regime have been
demonstrated [5, 6]. As a consequence, this class of laser sources has become the
workhorse for the whole field of ultrafast laser science.
With pulse durations approaching the few-cycle regime, the relative phase of the
carrier wave with respect to the maximum of the intensity envelope starts to play
an important role for pulse propagation, see Fig. 1.1. The stabilization of this
parameter, which is referred to as the carrier-envelope phase (CEP), is particularly
relevant for applications in extreme nonlinear optics, e.g., for the generation of high-
harmonic radiation [7, 8], or the related synthesis of even shorter optical pulses with
attosecond pulse durations [9]. In a pulse train of a mode-locked laser, however,
the mismatch of the intracavity group and phase velocities gives rise to a pulse-to-
pulse slip of the CEP. Since the dispersion inside the cavity is strongly influenced
by environmental conditions, the slip of the CEP is subject to various external
noise sources, necessitating an agile active stabilization scheme.
While this problem has been known for decades [10], it was only in 1996 when Xu
et al. introduced the first approach for measuring the phase slip of two consecutive
pulses with an interferometric cross-correlation technique [11]. Later, a more useful
approach based on the heterodyning of different harmonics of the fundamental













Figure 1.1: A few-cycle laser pulse as a product of the carrier wave oscillating with
the angular frequency ωc and the intensity envelope. The delay ∆t
of the envelope maximum to the closest positive field peak defines the
carrier-envelope phase ϕCE.
new technology enabled the precise stabilization of frequency combs, which have
become indispensable tools in the field of frequency metrology [15, 16], since they
provide a direct link between optical and microwave frequencies [17, 18].
Until recently, the stabilization of the CEP relied almost exclusively on feed-
back schemes, which lock the slip of the CEP to a certain reference oscillator with
a phase-locked loop. In 2010, a novel feed-forward type CEP stabilization ap-
proach was demonstrated by Koke et al., in which the offset of the frequency comb
is controlled with an external acousto-optical frequency shifter [19]. Due to the
strongly increased control bandwidth of the feed-forward scheme, the CEP stabi-
lization performance was greatly improved to a residual rms phase jitter of only
45mrad for a 5 s long measurement, rendering this approach the most advanced
CEP stabilization scheme at that time.
Starting from the current state-of-the-art CEP stabilization scheme, this thesis
is dedicated to answer the question how far the frontiers in CEP stabilization can
be eventually pushed. In this context, one can ask whether or not it is possible to
achieve a CEP stabilization performance with zeptosecond (10−21 s) timing jitters of
the carrier wave with respect to the envelope, and what are the physical mechanisms
that ultimately limit such improvements.
In a first step, the fundamental noise sources preventing an exact detection of the
CEP have to be identified. Beyond the significant impact of various technical noise
contributions, it will be interesting to see to what extent already quantum noise is
limiting the observed residual phase jitters. Numerical studies of this aspect should
help to pinpoint the most promising measures to improve the accuracy of the CEP
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detection. Moreover, new solutions for the remaining shortcomings of the feed-
forward type stabilization scheme have to be found in order to push the performance
of oscillator CEP stabilization to a new level. Especially in terms of long-term
stability, there is still room for improvement, since the feed-forward scheme is
susceptible to drifts of the free-running oscillator, which show up as beam pointing
variations, fluctuations of the output power, or phase drifts in the stabilized output.
Such issues render the integration of a feed-forward stabilization into amplified
laser systems difficult, which has to be solved by new stabilization concepts that
are specifically designed to meet the requirements for seeding amplifiers.
As a matter of fact, there is still a strong discrepancy between the stabilization
performance of amplified laser systems and oscillators. While CEP stabilization
of oscillator pulses has meanwhile become a mature technology, the additional
noise that arises in the amplification stage typically increases the residual phase
jitter of the amplified laser pulses by an order of magnitude. To this end, the
most limiting aspects for amplifier CEP stabilization will be identified to find out
whether it is possible to improve the stabilization performance to noise levels that
are comparable to those of the seed laser.
Outline
After providing an introduction on the basic concepts and methods for the mea-
surement and stabilization of the CEP in chapter 2, the most limiting constraints
for the stabilization of mode-locked oscillators are investigated in chapter 3. In the
first section of chapter 3, limitations of the CEP detection process are discussed.
Here the focus lies on the different noise sources that arise in the individual steps of
the CEP measurement, including technical noise as well as quantum noise. More-
over, measures for an improvement of the detection process by an optimization of
the supercontinuum generation process are proposed and experimentally proven.
In the second section of chapter 3, several new CEP stabilization schemes are pre-
sented that aim at the enhancement of the feed-forward stabilization. Particularly,
the combination of the feed-forward stabilization with an additional feedback loop
is found to further reduce the residual phase jitter.
Finally in chapter 4, the most limiting aspects of the CEP stabilization of am-
plified laser pulses are treated. The discussion of the technical noise sources in
amplifier systems is followed by the introduction of a new stabilization concept
that is specifically designed for seeding an amplifier system, solving some of the
remaining issues of the feed-forward scheme. In closing, the fundamental limita-
tions of the CEP detection process are revisited again for amplifier pulses, and
calculations are presented that provide an overview on which materials are best




Principles of Carrier-Envelope Phase
Stabilization
2.1 Ultrashort Laser Pulses
2.1.1 Mathematical Description
The description of all classical optic phenomena is founded on the set of partial
differential equations that were introduced by James Clerk Maxwell in 1861 [20].
The macroscopic version of these equations, which describe the interplay of electric
and magnetic fields with matter, are given in SI-units as [21]
∇ ·D = ρ, (2.1.1)




∇×H = J + ∂D
∂t
, (2.1.4)
where ρ is the charge density, J the current density, D = ε0E + P = εE the dis-
placement field in a medium with the polarization P, and H = B/µ0 −M = B/µ
is the magnetic field with magnetization M. While ε0 and µ0 are the electric per-
mittivity and magnetic permeability of the vacuum, respectively, they are replaced
in a medium by the absolute quantities ε and µ, which account for the response of
the material. In general, ε and µ are tensors, however, in the case of an isotropic
material they become scalar quantities.
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In the absence of free charges and free currents (ρ = 0,J = 0), Maxwell’s equa-











Possible solutions of the wave equations are monofrequent, continuous electro-
magnetic waves that are infinitely extended and propagate at the phase velocity
c = 1/√εµ. Moreover, all superpositions of such plane waves represent solutions as
well. In fact, ultrashort laser pulses which are subject of this thesis can be under-
stood as a superposition of plane waves of different frequencies that have a fixed
phase relation. Mathematically, the electric field of an optical pulse as a function
of space and time E(t, z) is formally given by the Fourier transform of the complex
spectral amplitude Ẽ(ω, z) [22]









Note that the electric field is now described as a scalar quantity, which is justified
for linearly polarized light. In case of elliptically polarized light, one has to employ
the full vectorized description if nonlinear effects come into play; otherwise the
orthogonal components can be treated independently. As the electric field E(t, z)
is a real physical quantity its spectral amplitude has to be self-adjoint: Ẽ(ω, z) =
Ẽ∗(−ω, z). In many situations it is convenient to describe the electric field by the
complex field amplitude E(t, z) that is obtained by the Fourier transformation of
the single-sided spectrum Ẽss(ω, z)









where the connection of the complex and the real electric field is then given by
E(t, z) = E(t, z) + c.c. = 2Re [E(t, z)] . (2.1.9)
For a given optical pulse one can define the spectral bandwidth ∆ω as well
as the pulse duration τ , which typically refer to the full width at half maximum
(FWHM). It is a general outcome of Eq. (2.1.7) that a broader spectrum enables
shorter minimum pulse durations. However, for a given spectral width, the shortest
possible pulse duration is only obtained if the spectral phase is flat over the entire
spectrum. In this case, the pulse duration is called bandwidth-limited or Fourier-
limited. The product of this pulse duration and the spectral width, also referred to
as the time-bandwidth product, is a constant parameter and is characteristic for a
certain temporal pulse shape: τ∆ω = const.
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In most cases, the spectrum of an optical pulse is centered around a certain mean








If the spectral amplitude contains only frequencies in a small interval around this
carrier frequency (∆ω  ωc), the substitution ω → ωc + ∆ω separates the field
amplitude in a complex envelope A(t, z) and a term oscillating at ωc




(∆ω) · e−iωct (2.1.11)
= A(t, z)eiωct (2.1.12)
= A(t, z)eiϕ(t,z)e−iωct. (2.1.13)
Here Ãss(∆ω, z) is the complex spectral amplitude shifted to the baseband, while
A(t, z) and ϕ(t, z) represent the envelope and phase of the pulse. This description of
optical pulses is only correct if the above mentioned criterion of a narrow spectrum
is fulfilled, which is usually referred to as the slowly-varying envelope approximation
(SVEA) [4]. As the term implies the approximation only holds if the temporal
variation of the envelope is small within one oscillation of the optical field∣∣∣∣∂A∂z
∣∣∣∣ |k(ωc)A| and ∣∣∣∣∂A∂t
∣∣∣∣ |ωcA| , (2.1.14)
where k(ωc) is the wavenumber at the carrier frequency. The generation of ever
shorter optical pulses with modern ultra-broadband laser systems down to the few-
cycle regime renders the validity of the SVEA more and more questionable. In the
near infrared pulse durations of 10 fs, which correspond to only 4 optical cycles,
represent the threshold down to which the SVEA and therefore the separation into
an envelope and a carrier oscillation still holds. For even shorter laser pulses (∆ω ≈
ωc) the carrier frequency and the phase of an optical pulse are no longer independent
quantities and further use of the SVEA would violate the energy conservation and
lead to unphysical DC electric fields. To this end, more sophisticated theories for
the description of ultrashort laser pulses have been developed that are applicable
even down to the single-cycle regime [23–25].
2.1.2 Propagation in Dispersive Media
Based on the approximations made in the previous section, the propagation of
optical pulses is now investigated in dispersive media. In case of linear propagation
in a transparent medium, the wave equations (2.1.6) can be transferred into a much
simpler differential equation [4]
∂
∂z
Ã(∆ω, z) + ikÃ(∆ω, z) = 0, (2.1.15)
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which is readily solved by the ansatz
Ã(ω, z) = Ã(ω, 0)eikz. (2.1.16)
Here k = k(ω) = ωn(ω)/c0 is the dispersion relation of the material, which can be














being the propagation parameters. All of these propagation parameters represent
different orders of material dispersion and describe the impact on different pulse
parameters. Specifically, β0 and β1 are related to the phase velocity vp = ωc/β0
and the group velocity vg = 1/β1, respectively. While the former defines the
traveling speed of the carrier wave, the latter indicates the speed of the envelope
of the pulse. Furthermore, β2 and β3 are referred to as group-velocity dispersion
(GVD) and third-order dispersion (TOD). Higher order dispersion beyond β3 will
not be considered here. Due to the difference of the phase and group velocity,
propagation of a pulse in a dispersive medium causes a phase slip of the carrier wave
with respect to the envelope. This so called group-phase offset (GPO) changes a
pulse parameter that is typically referred to as the carrier-envelope phase (CEP) or
sometimes absolute phase [12, 26]. More precisely, the CEP is defined as the phase
difference of the maximum of the pulse envelope and the closest field maximum.





















where ng(ωc) is the group index at the carrier frequency, which is defined as






While the propagation parameters β0 and β1 solely act on the CEP and the timing
of a pulse, all higher orders will also influence the temporal pulse shape. The
group velocity dispersion β2, for instance, induces a linear chirp to an initially
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Fourier-limited Gaussian pulse and increases the pulse duration according to [27]
τ(z) = τ0




where τ0 is the Fourier-limited duration (FWHM) of a Gaussian pulse. Accordingly,
third order or even higher order dispersion causes a nonlinear chirp. It should be
noted that dispersion can also be used for the inverse process, i.e., compressing an
initially chirped pulse. For this purpose, the dispersion and chirp parameters must
have opposite signs.
The previous treatment of linear propagation has fully neglected material absorp-
tion. However, as real dispersive materials with a refractive index n(ω) inherently
possess also an absorption function α(ω), the ansatz in Eq. (2.1.16) has to be ex-
panded by an additional absorption term. Generally, dispersion and absorption are
related to the real and imaginary part of the dielectric function according to
ε(ω) = 1 + χ(1)(ω) =
(
n(ω) + i c2ωα(ω)
)2
. (2.1.24)
Here χ(1)(ω) is the linear susceptibility that describes the materials response in the
frequency domain, which is connected to the polarization by P̃ (ω) = ε0χ(1)(ω)Ẽ(ω).
The fact that absorption and dispersion are two intrinsically related phenomena is
quantified by the Kramers-Kronig relation [28, 29]





Ω2 − ω2 dΩ, (2.1.25)
which is a general consequence of causality and is observed also in electronic or
acoustic wave systems.
Nonlinear Propagation
If the optical intensity I = cnε0 |E|2 /2 of an ultrashort laser pulses becomes as high
as some TW/cm2 the response of optical media starts to deviate from the linear
behavior that has been assumed so far. Under these conditions the polarization is
expanded in a Taylor series for the electric field
P (t) = PL(t) + PNL(t) = ε0
(
χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + . . .
)
, (2.1.26)
with χ(n) being the nth order susceptibility, which is a tensor of rank n+ 1. While
even-order susceptibilities vanish in all centro-symmetric materials [30], such as
gases, liquids and most crystals, they are observed solely in materials without
inversion symmetry. Propagation under the influence of such nonlinearities can
lead to the generation of new frequency components. A prerequisite for efficient
9
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frequency conversion, however, is that the radiation generated at different positions
within the material interferes constructively with each other, which is referred to as
phase matching. The nonlinear processes that are most relevant for the experiments
presented in this thesis are second harmonic generation (SHG), difference frequency
generation (DFG) and four-wave mixing (FWM) and will be treated later in more
detail.
2.2 Mode-Locking
The generation of the ultrashort laser pulses that are considered throughout this
thesis is only possible by a process known as mode-locking. The first demonstration
of this technique in 1964 [1, 2] triggered the development of laser systems that
eventually succeeded to generate optical pulses as short as a few optical cycles [5]
and paved the way for the whole new field of ultrafast laser science. The process





that have a fixed phase relation, with L being the length of the cavity. The super-
position of many phase-locked modes can result in a periodic concentration of light
in short time intervals of constructive interference that are separated by the cavity
round trip time TR = L/c0 and destructive interference between these events. In
analogy to the spectral phase of a Fourier-limited pulse, the production of short
pulses by the process of mode-locking requires the phases of the individual modes
to be not only coupled but also nearly constant over the entire spectral bandwidth.
Assuming that a number N = 2M + 1 of longitudinal modes of equal weight and




E0 exp [i(ωc + 2πmδν)t] (2.2.2)
= E0
sin (Nδνt/2)
sin (δνt/2) exp (i2πωct) , (2.2.3)
where E0 is the complex field amplitude of all modes and δν is the spectral mode
spacing. The resulting pulse duration in this ideal case is approximately given by
the inverse total bandwidth τ ≈ 1/Nδν, showing that the generation of pulses with
fs pulse durations requires mode-locking of many THz wide spectra. With typical
oscillator repetition rates ranging from several 10MHz to some 10GHz the total




The process of mode-locking can be obtained either by active or passive tech-
niques. In active mode-locking, depicted in Fig. 2.1, the synchronization of the
spectral phases is achieved via periodic modulation of the amplitude (AM) or
phase/frequency (FM). If the modulation is done at a frequency that matches
the mode spacing δν, the generated sidebands of a longitudinal mode coincide with
the neighboring modes and tend to injection lock these resonant modes, which
then oscillate in phase at the exact same frequency. Cascading of this process,
see Fig. 2.1(c), will eventually create a broad frequency comb of many equidistant
locked modes within the gain curve of the laser material. In the time domain, see
Fig. 2.1(b), this comb is equivalent to a train of short pulses, which are created
each time when the pulse circulating inside the cavity hits the output coupler.











Figure 2.1: (a) Schematics of active mode-locking. (b) Temporal output of a mode-
locked oscillator. (c) Active mode-locking in the spectral domain.
Apart from the technique presented above, mode-locking is also possible by pas-
sive means. In passive mode-locking, the amplitude modulation is induced by the
optical pulse itself, which is thus referred to as self-amplitude modulation (SAM).
This process can be realized if a saturable absorber (SA) is placed inside the cavity,
the optical transmission of which increases with the intensity. If the lasing pro-
cess starts with initially unlocked modes, the highest of the randomly distributed
intensity spikes will be amplified until it reaches the intensity level at which the
bleaching of the SA becomes relevant. In the following, the intense spike experi-
ences less attenuation than the rest of the initial intensity noise and gains more
amplification in subsequent cavity roundtrips. Finally, a steady state can be ob-
tained in which the light is concentrated into a single short pulse that is circulating
inside the cavity.
The first demonstration of passive mode-locking in 1966 was based on a dye solu-
tion as a SA [32], where the bleaching was caused by the depopulation of the ground
state of the dye molecules. Nowadays, passive mode-locking is mostly based on the
excitation of electrons from the valence band to the conduction band in semicon-
ductors [33] or carbon nanotubes [34]. The lifetime of the induced transparency
τA represents a limitation for the achievable pulse duration in SAM based mode-
locking. While the lifetimes τA in dye solutions range from tens of picoseconds up to
nanoseconds, the fastest relaxation processes in semiconductors, due to intraband
thermalization, can be as fast as 100 fs, which makes these materials preferable for
11
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short pulse generation.
An alternative passive mode-locking approach employs reactive nonlinearities far
from resonance to mimic the saturable absorption behavior of real optical transi-
tions. As these nonlinear processes can be considered quasi-instantaneous, i.e.,
having response times of less than a femtosecond [35], they enable passive mode-
locking down to the few-cycle regime. Various mode-locking techniques based on
such nonlinearities have been developed, e.g., nonlinear polarization rotation in
fiber lasers [36, 37] or additive-pulse mode-locking of bulk lasers [38, 39]. However,
the most relevant technique is certainly Kerr-lens mode-locking (KLM) [40, 41],
which is typically used in modern Ti:sapphire oscillators. These light sources rep-
resent the workhorse of ultrafast laser science and will be considered throughout
this thesis. In KLM the nonlinear refractive index of a χ(3) medium
n = n0 + n2I (2.2.4)
causes a self-focusing of typical spatial beam profiles, as shown in Fig. 2.2. The
higher the intensity maximum at the center of the beam, the stronger is the self-
focusing effect. In combination with an aperture placed behind the Kerr-medium






Figure 2.2: Schematic of Kerr-lens mode-locking
Independent from the self-amplitude modulation process, the generation of ever
shorter optical pulses renders the dispersion management in the laser cavity more
and more important. In fact, the balance of the nonlinear self-phase modulation
(SPM) and a net negative group delay dispersion (GDD) is necessary to create self-
stabilizing soliton-like pulses after every cavity roundtrip [42, 43]. While intracavity
dispersion management was classically achieved by the use of prism or grating
sequences, the invention of chirped mirrors [44] represented a breakthrough in this
respect. The freedom in the design of these stacked dielectric mirrors allows the
control of higher order dispersion, which enabled the generation of optical pulses
as short as 4.5 fs directly from a KLM Ti:sapphire oscillator [5].
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2.3 The Carrier-Envelope Phase of Mode-Locked
Oscillators
In this section the outcomes of the two previous sections about short pulse propaga-
tion and mode-locking are combined to a general description of the carrier-envelope
phase evolution in mode-locked oscillator pulse trains.
As discussed in section 2.1.1 optical pulses can be described as a carrier-wave
multiplied with an envelope function, where the CEP defines the position relative
to each other
E(t) = A(t)ei(ωct+ϕCE). (2.3.1)
Furthermore, propagation in a dispersive medium changes the CEP due to the
difference of group and phase velocities. According to Eq. (2.1.21), the acquired











where n(ω, z) is the refractive index along the optical path of length L. Apart
from the cavity mirrors and the beam path in air, a major part of the dispersion
is typically introduced by the laser crystal. For a Ti:sapphire oscillator crystal of
a few millimeters length, the GPO is on the order of a hundred optical cycles [12].
Note that there is also a contribution to the GPO from the nonlinear refraction
inside the gain medium n = n(I), which has been neglected in Eq. (2.3.2). Despite
the high intracavity peak intensities, this nonlinear effect is usually only on the
order of a few cycles. Nevertheless, the nonlinear dispersion provides a convenient
way to control the CEP of oscillators, as will be discussed in the next section.
Since CEP shifts of 2π or integer multiples thereof do not change the actual field
structure of a pulse, the CEP difference of two successive pulses reduces to
∆ϕCE = ∆ϕGPO mod 2π. (2.3.3)
In a train of pulses, as shown in Fig. 2.3(a), this phase difference corresponds to





Considering the above results, an optical pulse train emitted by an oscillator
with the roundtrip time TR is described as a convolution of Eq. (2.3.1) with a delta
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Figure 2.3: (a) Pulse train with constant pulse-to-pulse CEP slip ∆ϕCE = π/4. (b)









exp (iωCEt) , (2.3.5)
with ωCE = 2πfCE. In the spectral domain, the term in brackets in Eq. (2.3.5)
corresponds to a frequency comb with mode spacing frep = 1/TR and spectral
amplitude Ã(ν), while the harmonic term exp (iωCEt) leads to a common offset of
this frequency comb, see Fig. 2.3(b).
Ẽ(ν) = Ã(ν − νc − fCE)
∞∑
m=−∞
δ(ν −mfrep − fCE). (2.3.6)
The spectral position of every single mode within this frequency comb is defined
simply by the two parameters {fCE; frep} and the respective mode index m:
νm = fCE +mfrep, m ∈ N. (2.3.7)
Given that the uniformity of such mode-locked frequency combs has been tested
to a precision of better than 6 parts in 1016 [46], these combs represent a ruler
in the frequency domain with enormous accuracy and broad spectral coverage at
the same time. Therefore, frequency combs represent a direct link between optical
and microwave frequencies, which had been provided before solely by very complex
and costly harmonic frequency chains at large scale facilities [17]. These features
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make frequency combs from mode-locked oscillators a unique tool for applications
in frequency metrology [15, 47, 48] and spectroscopy [49–51]. The steadily increas-
ing precision of frequency standard measurements and their comparison [52, 53]
even opens a path towards experiments that eventually may allow for testing the
constancy of fundamental physical constants [54].
A prerequisite for the all the above-mentioned applications is the ability to mea-
sure and control both frequency comb parameters, the mode spacing frep as well as
the offset frequency fCE. While the repetition rate of an oscillator is readily mea-
sured with a simple photodiode, the offset of the frequency comb is not directly
accessible. The techniques that provide access to this parameter will be discussed
in the following section.
Apart from applications that are based on the spectral properties of frequency
combs, there is a whole different class of applications that is preferably discussed
in the time domain. The ability to control the exact field structure of intense few-
cycle pulses, for instance, facilitates the generation of isolated attosecond pulses by
the emission of high harmonic radiation [9]. According to Corkum’s semi-classical
three-step model [55], the interaction with high-intensity optical pulses excites short
bursts of photo electrons for each optical half-cycle at the instant of the electric
field maximum. Subsequently the electrons are accelerated in the driving laser
field and finally recollide with the parent ions under emission of highly energetic
photons, which can have energies up to several hundred electron volts. This process
generates a burst of several UV attosecond pulses depending on the number of half-
cycles that are contained in the driver pulse. In order to isolate single attosecond
pulses, special filtering [9, 56] or gating techniques [57] have to be applied, all of
which require the precise control of the electric field structure of the driving laser
pulse. In fact, CEP stabilization of intense ultrashort few-cycle pulses made the
generation of isolated attosecond pulses shorter than 100 as possible [58, 59]. From
this perspective, it is evident that CEP detection and its stabilization is one of the
enabling techniques for the currently active field of attosecond research [60–63].
2.4 Carrier-Envelope Phase Detection
Today many different schemes for the characterization of ultrashort optical pulses
exist that rely on the nonlinear interaction with either replicas of the pulse itself
or some well known reference pulse [64–66]. Even though the more advanced tech-
niques, such as frequency resolved optical gating (FROG) [65] and spectral phase
interferometry for direct electric-field reconstruction (SPIDER) [66], allow the re-
trieval of the spectral envelope and its phase in order to reconstruct the temporal
shape of the pulses, none of these techniques provides access to the actual CEP
nor its slippage rate.
The first successful approach to measure the so far inaccessible parameter ∆ϕCE
was demonstrated by Xu et al., who employed a nonlinear cross-correlation of suc-
cessive pulses [11]. This approach, however, has proven to be impractical as the
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cross-correlation requires several meter long interferometer arms, which are diffi-
cult to isolate against external noise and therefore prevent accurate measurements.
Only recently, a related scheme was developed that works without any nonlinear-
ity and is based on a slightly off-resonant ring cavity [67, 68]. Although these
techniques have the advantage of being applicable to many different kind of laser
sources they fail to measure fCE with better than MHz precision. To this end,
measurement of fCE is nowadays dominated by a different class of techniques that
relies on the interference of different harmonics of the fundamental frequency comb
in regions of spectral overlap [12]. This approach finally became feasible with the
advent of octave-spanning frequency combs [14] and is most commonly realized
by heterodyning the fundamental comb with some second harmonic or difference
frequency radiation at the spectral wings [14, 69]. For the sake of completeness,
it should be noted that also balanced homodyne detection can be used for CEF
detection [70, 71], which, however, relies on the same basic principle of spectral
interference as the heterodyne detection scheme that is thoroughly discussed in the
following section.
2.4.1 RF-Heterodyning
The current standard techniques for oscillator CEP detection are referred to as
f -2f interferometry and 0 -f interferometry, as they are based on heterodyning of
the fundamental spectrum either with its second harmonic or with some difference
frequency radiation, respectively. In order to understand how these techniques
provide access to the CEP slippage in the pulse trains, it is necessary to study the
behavior of the spectral phases φ(ω) upon the nonlinear conversion steps that are
involved, such as SHG, DFG and FWM. Assuming a pulse train with a constant
CEP slip, the CEP for the nth pusle reads as ϕnCE = n∆ϕCE, if we arbitrarily
choose ϕ0CE = 0. The temporal and spectral representations of the nth pulse are
given by




where the spectral phase φn(ω) is decomposed into the value at the carrier fre-
quency ϕnCE and the spectrally dependent relative phase ϕ(ω), which defines the
pulse shape and is identical for all pulses. It is now important to see that in case
of nonlinear frequency conversion the spectral phases and therefore also the CEP
behave essentially the same as the frequencies [72]. Typically in f -2f interferome-
try, but also in 0 -f interferometry, the initial spectrum has to be broadened in a
first step by a FWM process to generate an octave-spanning spectrum, which later
ensures the spectral overlap with the frequency-converted light. It can be shown
that such FWM processes preserve the initial CEP [72], except for some additional
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constant phase lag π/2 that stems from the Maxwell equations [73].
ωFWM = ω1 + ω2 − ω3 (2.4.2)
ϕnCE,FWM = π/2 + ϕnCE + ϕnCE − ϕnCE (2.4.3)
= π/2 + n∆ϕCE. (2.4.4)
Here ωFWM is the new frequency component that is generated by FWM of an
arbitrary set of frequencies from the initial spectrum {ω1, ω2, ω3}. As a result,
spectral broadening can be used for white-light generation while maintaining a
high degree of spectral coherence [74]. The processes that are commonly used for
supercontinuum generation will be treated in more detail in section 2.4.3.
The same analysis for SHG [72] reveals that in this case the CEP is doubled,
just as the CEP slip ∆ϕCE is doubled, except for the constant phase lag π/2:
ωSHG = 2ω (2.4.5)
ϕnCE,SHG = π/2 + 2ϕnCE (2.4.6)
= π/2 + 2n∆ϕCE. (2.4.7)
In the terminology of a frequency comb, this result is equivalent to a comb mode
νm that is frequency-doubled according to
2νm = 2fCE + 2mfrep. (2.4.8)
If the frequency comb fulfills the condition of an octave-spanning spectrum and if
the frequency-doubled mode originates from the long-wavelength wing, as shown
in Fig. 2.4, this newly generated comb mode lies in the short-wavelength wing
of the fundamental comb, close to the mode ν2m = fCE + 2mfrep. According
to the mathematical representations of the fundamental and the second harmonic
frequency comb, the difference frequency of these two modes is equal to the comb
offset fCE. If, next to the spectral overlap, also spatial and temporal overlap of
the fundamental and frequency-doubled components is established with a suitable
nonlinear interferometer, the beat of the neighboring modes results in an amplitude
modulation of the pulse train that is detectable with an avalanche photodiode
(APD) [12].
The same considerations can be made for the case of 0 -f interferometry, where
DFG within the fundamental comb produces comb modes of vanishing offset (νn =
nfrep) at the long-wavelength wing, see Fig. 2.5. Again, the difference frequency
of two neighboring modes (n = m) in the region of spectral overlap yields a com-
parable beat signal that provides access to the carrier-envelope frequency,
νm − νn = fCE +mfrep − nfrep = fCE. (2.4.9)
Figure 2.6 shows an amplitude modulated pulse train, as it is typically measured
at the detection front-end of an f -2f interferometer, as well as the corresponding
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νm = fCE + mfrep ν2m = fCE + 2mfrep

















Figure 2.4: f -2f interferometry: Beat signal generation in the region of spectral
overlap of the fundamental and second harmonic frequency comb.



















Figure 2.5: 0 -f interferometry: Beat signal generation in the region of spectral
overlap of the fundamental and the difference frequency comb.
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RF power spectrum. Apart from the so-called intermode beat at frep, the beating
results in two peaks that are symmetrically centered around frep/2 at the positions
fCE and frep − fCE. Due to the high number of modes in the region of spectral
overlap, the spectrum on the interval [0, frep] is periodically repeated, as indicated
in Fig. 2.6(b). From a first inspection of the power spectrum it is not immediately
clear which one of the two peaks is the “real” beat signal that behaves according
to Eq. (2.3.4), since it can be located anywhere on the interval [0, frep]. In order to
distinguish the “real” beat from the mirror beat, e.g., for a potential subsequent
stabilization scheme, one has to change the dispersion and observe the opposite
shift of the beats.
0.2 0.4 0.6 0.80
Time (µs)
































fCE frep − fCE
frep
(a) (b)
Figure 2.6: (a) Amplitude modulation of a pulse train generated by f -2f interfer-
ometry. (b) Corresponding RF power spectrum.
Even though the fCE signal only represents the slippage rate of the CEP and does
not allow the measurement of the absolute CEP, it still contains the phase relative
to some arbitrary moment in the past, provided that the fCE signal has since
been measured without interruption. This requires, however, that no additional
interferometer phase drift has occured within the measurement time. In fact, the
most stable monolithic interferometers allow the phase coherence to be maintained
over many hours or even days [75].
In practice, different types of interferometers can be used to generate the overlap
in the spatial, temporal, and spectral domain. The most straightforward realization
is a Mach-Zehnder interferometer with two separate arms of variable length for the
f and 2f components. After splitting the initial spectrum with a dichroic mirror,
spectral content from the long-wavelength part is frequency-doubled in a suitable
nonlinear crystal and subsequently recombined with the fundamental spectrum. If
the arm lengths are correctly tuned, a signal, as shown in Fig. 2.6, is detected with a
sensitive APD that is optimized for the respective wavelength range. Other possible
interferometer types include collinear or partially collinear designs, which all have
their pros and cons. The benefits from the different interferometer geometries will
be discussed later in relation to the experiments that were conducted for oscillator
CEP stabilization.
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2.4.2 Spectral Interferometry
The CEP detection method presented in the previous section works well for oscilla-
tor systems with repetition rates in the MHz or GHz range, but runs into problems
for amplifier systems at the kHz level or below. The CEP stable operation of an
amplifier usually requires a preceding oscillator stabilization, with the exception
of the passive stabilization scheme that is used for optical parametric amplifiers
[72]. Therefore the phases of the amplified pulses are already locked to a certain
value and exhibit only some residual phase jitter and explicitly no steady slip, as
observed in an oscillator pulse train. The amount of residual noise is thereby de-
termined by the oscillator stabilization performance and the noise that is added
during the amplification process. As the CEP measurement with the heterodyn-
ing scheme used for oscillators is prevented at the DC baseband due to 1/f noise
contributions, an alternative measurement scheme based on spectral interference
is typically used for amplifiers, which is capable of resolving CEP fluctuation, in
principle, on a single-shot basis [76, 77].
This approach also relies on the interference of different harmonics as the RF
heterodyning presented above, but the intentional introduction of a relative delay
τD between the different harmonics creates a spectral fringe pattern, whose spectral
position is directly linked to the CEP. Taking Eq. (2.4.7) into account, the intensity
distribution in the region of spectral overlap reads
I(ω) ∝
∣∣∣Ẽ(ω) + ẼSHG(ω)∣∣∣2 (2.4.10)
=
∣∣∣Ã(ω − ωc)eiϕCE + ÃSHG(ω − ωc)ei(2ϕCE+π/2+ωτD)∣∣∣2 (2.4.11)
=
∣∣∣Ã(ω − ωc)∣∣∣2 + ∣∣∣ÃSHG(ω − ωc)∣∣∣2 + (2.4.12)
2 ·
∣∣∣Ã(ω − ωc)ÃSHG(ω − ωc)∣∣∣ · cos (ϕCE + π/2 + ωτD) , (2.4.13)
where the last term represents the CEP dependent spectral modulation. In prin-
ciple, this method allows measuring the absolute value of the CEP, however, in
practice the constant but unknown phase added by the interferometer makes an
absolute determination impossible. A further limitation of this scheme is given by
the read-out speed of the spectrograph detectors, which can impede single shot
measurements and make averaging over multiple pulses necessary. To this end,
fully analog detection schemes have been developed, which reduce the latency to a
minimum and enable single-shot detection at even higher repetition rates [78].
It should be noted that apart from spectral interferometry another class of am-
plifier based CEP measurement schemes has emerged, which utilizes the strong
CEP dependence of multi-photon absorption (MPA) processes, e.g., the emission
of photo-electrons from metal cathodes [79, 80] or the ionization of noble gases
[81–83]. The latter methods determine the absolute value of the CEP from the
asymmetry in the photo-electron yield from a laser focus with two opposing detec-
tors. Although such stereo above-threshold ionization (ATI) methods have reached
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a high degree of detection accuracy on the single-shot level [82], they have been
used exclusively for CEP logging and hence still require some additional stabiliza-
tion mechanism. The same applies so far to the recently introduced solid-state
light-phase detector [84], which monitors the CEP by the measurement of electric
currents in a metal-dielectric-metal nanojunction.
2.4.3 Supercontinuum Generation
The discussion of f -2f interferometry and comparable techniques has shown that an
octave spanning spectrum is a necessary condition to ensure the spectral overlap
of the fundamental and frequency-doubled components. As most common laser
oscillators are far from providing such broad spectral content, additional broadening
techniques have to be applied. The same is valid for amplified laser pulses that
typically provide even narrower spectra. As the amount of pulse energy that is
available for the spectral broadening in oscillator and amplifier systems differs by
several orders of magnitude, different approaches are chosen to perform this task.
Supercontinuum generation of amplified laser pulses
The generation of white-light from amplified laser pulses is typically achieved by a
filamentation process in either solid, liquid, or gaseous media. A filament is formed






Under this condition the self-focusing action due to the Kerr effect, see section 2.2,
is overcompensating the linear diffraction. As a result, the beam profile starts to
collapse until it is finally arrested by the defocusing effect of the plasma that has
built up by multi-photon ionization at a certain clamping intensity Iclamp [86, 87].
The balance of the two counteracting effects can lead to propagation of a filament
over many centimeters in solids or even many meters in gases without lateral beam
expansion, which is sometimes referred to as “non-diffracting” propagation. In-
teraction of a pulse with the medium in such filaments at extreme intensities in
the range of TW/cm2 significantly influences the spectral and the temporal shape.
Since the optical phase of a pulse is influenced by the temporally varying nonlinear
refractive index
ϕ(t, z) = ωct− kz = ωct−
2π
λ
n (I(t)) z, (2.4.15)
it is helpful to define the momentary frequency as its temporal derivative:
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The self-phase modulation (SPM) in the last term of Eq. (2.4.15) leads to the
generation of new frequency components in case of a sufficiently steep intensity
profile I(t). These new frequency components are red-shifted on the leading edge
of the pulse and blue-shifted on the trailing edge. For a temporally symmetric
Gaussian pulse, SPM gives rise to a symmetrically broadened spectrum, which is
modulated due to interference of frequency components generated in the leading
and trailing edge of the pulse [88].
In the case of ultrashort few-cylce pulses, the nonlinear refraction gives rise to
a self-steepening effect. This phenomenon is explained by the higher velocity in
the trailing edge of the pulse that makes the latter eventually catch up with the
slower pulse maximum. Hence, a very steep trailing pulse edge is formed that is
referred to as an optical shock wave [89]. The result is an asymmetrically broadened
spectrum that is pronounced on the blue side. Incorporation of dispersion effects
up to various orders and a detailed description of the plasma build-up renders the
modeling of the filamentation particularly complex [86, 87, 90, 91], which is why
laser filamentation is still an active field of research. Recently, e.g., a filamentation
experiment on the possible role of higher-order contributions to the Kerr effect in
air acquired some attention, as it can explain filamentation without the necessity
for plasma formation [92–95].
Nonetheless, already the basic theory of strong self-phase modulation by Yang
and Shen [96] predicts the usually observed asymmetric broadening that is stronger
on the anti-Stokes than on the Stokes side [97]. They found that the relative
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)
− 1, (2.4.17)
where ∆ω± is the spectral width on the anti-Stokes and Stokes side. The parameter
Q depends on the clamping intensity, the propagation distance z and the pulse
duration τ according to Q = 2n2zIclamp/c0τ . The condition of an octave-spanning
spectrum is achieved at Q = 0.707, which defines the necessary filament length
for a given pulse duration. Experimental studies have shown that the broadening
is even more pronounced on the anti-Stokes side, the higher the bandgap of the
material is [97]. Moreover, it was demonstrated that also the focusing geometry
has some effect on the achievable spectral width [98]. In practice, the materials
that are most commonly used for white-light generation from amplified laser pulses
are wide-bandgap bulk materials such as sapphire or calcium fluoride.
Supercontinuum generation of oscillator frequency combs
In contrast to the situation of amplifiers, where the available pulse energies are in
the µJ or even mJ range, the generation of supercontinua from oscillator pulses
at the nJ level is far more challenging due to the weaker nonlinear effects. In
principle, it is possible to compensate for this handicap in two different ways. First,
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the interaction length with the nonlinear medium can be increased and second,
the light can be confined to smaller cross-sections. The first approach is readily
achieved by coupling the light into a standard optical fiber, which enables the
spectral broadening to some extent by SPM [27] similar to the broadening in bulk
materials. The generation of octave-spanning spectra, however, was not possible
until the invention of the photonic crystal fiber (PCF) [99], which also addresses
the aspect of a stronger confinement. These micro-structured fibers guide the light
in a tiny core of only a few micrometer diameter that is surrounded by a photonic
structure. The drastic enhancement of the nonlinear interaction in these fibers
led to the first observation of supercontiuum generation at the oscillator pulse level
[100]. Already shortly after this breakthrough it was found that also tapered fibers,
in which the core diameter is gradually reduced down to the micrometer range, can
be employed to perform the task of supercontiuum generation [101].
The design of the the micro-structures in a PCF allows tailoring the dispersion
parameters that strongly influence the spectral broadening process. In particular,
the ability to control the zero-dispersion wavelength λZD, i.e., the wavelength at
which the dispersion changes from normal (β2 > 0) to anomalous (β2 < 0) dis-
persion, is of great importance. This degree of freedom allows manufacturing of
fibers that are pumped in the anomalous dispersion regime by common Ti:sapphire
oscillators centered around 800 nm, which was found to be a prerequisite for strong
spectral broadening. In this dispersion regime, stable pulse forms exist that do
not spread in time due to the interplay of negative GVD and the counter-acting
SPM, which are referred to as solitons. Husakou and Herrmann first developed a
theoretical framework that correctly describes the observed spectra generated in
PCFs by a process called soliton fission [102]. According to this work, the ini-
tial stage of spectral broadening is caused by symmetrical SPM associated with
a temporal compression of the pulse, thereby forming a higher-order soliton. The
influence of strong third-order dispersion at λZD, however, makes these solitons
unstable and leads to a successive split-off of fundamental solitons, which subse-
quently experience a Raman-induced frequency red-shift [103]. Moreover, the effect
of higher-order dispersion on the split solitons gives rise to an energy transfer to
narrow-band resonances in the normal dispersion regime, the positions of which
can be determined from phase-matching considerations [104]. In the time domain
these dispersive waves correspond to broad low-amplitude pedestals at the trailing
edges of the soliton peaks.
In practice, the processes described above allow the generation of supercontinua
that span over even more than one octave already at input pulse energies as low
as 1 nJ [100]. Moreover, the generated spectra preserve the CEP information as all
nonlinear conversion steps represent FWM processes, which makes CEP measure-
ments of oscillator pulse trains possible.
Since the first demonstration of supercontinuum generation at the oscillator level
very broadband Ti:sapphire oscillators have become available that provide more
than 300 nm (FWHM) wide spectra. Because these laser sources need significantly
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less additional broadening, SPM in highly nonlinear crystals can already be suf-
ficient to obtain the necessary full octave wide spectrum [69]. In section 3.1.1 a
special CEP detection setup will be presented, which makes use of such broadband
laser sources.
2.5 CEP Stabilization
So far, the CEP slip of mode-locked oscillators has been considered as a constant
parameter that is defined by the static dispersion in the laser cavity. This assump-
tion, however, represents a strong idealization, as, in practice, every oscillator is
exposed to the influence of the unsteady environmental conditions in the labora-
tory. Due to the large GPO of several hundred cycles for one cavity roundtrip, see
section 2.3, tiny variations of the temperature or a changing humidity can strongly
affect the CEP. Other possible noise sources are mechanical vibrations, pressure
variations caused by acoustic noise or air flows, and fluctuations of pump laser
parameters.
Although design improvements in recent years have led to significantly more
stable mode-locked oscillators, an active CEP stabilization mechanism is still in-
dispensable, as free-running lasers still exhibit fCE jitters on short time-scales as
well as slow long term drifts over minutes and hours. The different CEP stabi-
lization approaches that are discussed in the following are generally divided into
conventional feedback schemes and the recently developed feed-forward approach.
2.5.1 Feedback Stabilization
In principle, all the above-mentioned noise sources double as potential control pa-
rameters for a feedback stabilization scheme, as they all affect the intracavity dis-
persion. The most straightforward implementation of dispersion control is realized
simply by changing the amount of dispersive material in the optical path, which
is typically done with a pair of moveable glass wedges [105]. While this method
allows for large phase shifts of several cycles, the inertia of the optical components
strongly limits the control bandwidth, which applies to all stabilization schemes
with mechanically moving parts. An exception to this rule is a method that intro-
duces geometrical dispersion by tilting a cavity mirror in a prism-based oscillator.
This approach was shown to support control bandwidths of up to 25 kHz [106] but
is only applicable to this special type of oscillators that is not widely used anymore.
Certainly the most common feedback mechanism relies on the modulation of the
oscillator pump power, which affects the CEP by the complex interplay of various
processes. Apart from the thermal influence on the GPO [26], the CEP is changed
by a combination of a power-dependent spectral shift and a non-vanishing GDD
[11]. Another contribution to the GPO stems from the dispersion of the nonlinear
phase shift that is predominantly acquired in the laser crystal [26, 90]. While the
interplay of these processes and therefore the observed overall power dependence
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strongly depends on the specific oscillator design and the exact conditions, it has
been shown that the nonlinear dispersion effect n2(ω) is the dominant contribution
in modern dispersion-managed Ti:sapphire oscillators [107].
The key advantage of the nonlinear feedback mechanism is the intrinsically fast
response time, which is, in principle, only limited by the laser dynamics that con-
vert the pump power changes into intracavity peak power fluctuations. In practice,
however, the achievable control bandwidth is mostly constrained by the servo elec-
tronics and the typically employed acousto-optical power modulation, which still
enable control bandwidths on the order of 100 kHz [108]. The downside of this
feedback mechanism is that the action on the CEP is accompanied by an ampli-
tude modulation of the oscillator pulse train. Given that the B integral of most
Ti:sapphire oscillators is on the order of 2π, the pump power induced phase shift
is limited to some 100mrad before the disturbance of the oscillator becomes too
severe to sustain the mode-locked operation.
In fact, it is a characteristic feature of all feedback mechanisms, that side-effects
on other laser parameters, such as repetition rate, output power or beam point-
ing, prevent a CEP stabilization without interrupting the performance of the free-
running oscillator. In the next section 2.5.2, an extra-cavity feed-forward stabiliza-
tion scheme will be presented that overcomes most of these limitations.
In order to ensure CEP stabilization via the feedback approach, first a suitable
error signal has to be deduced from the measured in-loop beat signal. As the
measurement and the stabilization of CEP noise at the DC baseband is prevented
in RF-heterodyning schemes, the interferometrically detected beat signal Vf−2f is
typically locked to another RF reference oscillator. To this end, the beat signal at
fCE is filtered and compared to the reference signal Vref with a phase detector. In
case of analog signal processing the phase comparison of two signals is accomplished
by an electronic multiplication in a double-balanced mixer and subsequent low-pass
filtering, see Fig. 2.7. Assuming the beat signal and the reference signal are given
by pure sinusoidal oscillations
Vf−2f = sin(ωCEt+ ϕCE + ϕ0) (2.5.1)
Vref = sin(ωreft+ ϕref), (2.5.2)
the multiplied signal will contain mixing products at ωCE + ωref and ωCE − ωref .
After low-pass filtering an error signal is yielded that reads
Verr ∝ sin (ωCEt+ ϕCE + ϕ0 − ωreft− ϕref) . (2.5.3)
If the beat frequency approaches the reference frequency (ωCE → ωref), the error
signal is reduced to a voltage that is proportional to the phase difference of the
beat signal and the reference.
Verr ∝ sin(∆ϕ) ≈ ∆ϕ for ∆ϕ π. (2.5.4)
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In the simplest case the control loop is closed by using this error signal directly
to change the feedback parameter. This way, the phase difference is diminished
until the error signal eventually shows just some residual jitter, which is referred
to as a phase-locked loop (PLL), see Fig. 2.7. In practice, a PLL is equipped
with an additional servo controller that further processes the error signal with an
adjustable proportional, integral and differential element, in order to improve the
stability and the performance of the lock. From the perspective of control theory,
a stability criterion for a PLL is a transfer function with a positive phase margin,
meaning that the phase difference between input and output signal is less than
π at the frequency of unity loop gain [108]. Otherwise, phase errors experience
amplification instead of damping and self-oscillations occur. A limiting factor of
such analog PLLs is the occurrence of phase ambiguities if the phase errors exceed
the interval [−π/2, π/2]. These ambiguities can produce cycle slips, or in the worst
case force the PLL to unlock. To this end, either frequency division of the beat
signal prior to the analog phase detection, or completely digital phase detection
is often used to increase the phase ambiguity range [109]. While such measures
render a PLL more robust against drop-outs, there is an intrinsic trade-off between
the tolerance towards large phase errors and the achievable phase resolution that
influences the residual phase jitter.
For many applications, e.g., for seeding a subsequent amplification stage, it is
desirable to use a reference oscillator that is related to the laser repetition rate. A
reference at the full repetition rate and integer multiples thereof creates the same
issues as the stabilization at DC, namely the inability to distinguish the beat signal
from the always present intermode beat and the ambiguity of positive and negative
frequency excursions. Subharmonics of the repetition rate (frep/N) on the other
hand are readily filtered and used as a reference, thereby creating pulse trains in












Figure 2.7: Phase-locked-loop (PLL) for locking the CEP drift to a reference os-
cillator. The phase error signal is derived by electronic mixing and
subsequent lowpass filtering. This signal is further processed with a
servo before it is fed back to the laser oscillator. Optionally a subhar-





In 2010, Koke et al. introduced a conceptionally different feed-forward type CEP
stabilization technique for oscillators, which no longer requires control of the intra-
cavity dispersion [19]. Instead, the stabilization takes place in an external acousto-
optical frequency shifter (AOFS), which eliminates many of the shortcomings of
conventional feedback stabilization schemes.
The working principle of this acoustic device is presented in Fig. 2.8. A piezo-
electric transducer is attached to a facet of an optically transparent crystal and
is driven with a sinusoidal RF signal in the MHz range. The strain that is peri-
odically exerted on the material propagates as an acoustic wave and is absorbed
on the opposite facet to prevent the build-up of standing waves. As the acoustic
wave locally changes the index of refraction through the photoelastic effect [110],
a traveling index grating is formed that is described by:
n(r, t) = n0 + ∆n sin (ωact+ ϕac − kacr) , (2.5.5)
with ∆n being the peak index change that depends on the applied RF power and
on the photoelastic coefficient of the material. Further, ωac, ϕac and kac are the
frequency, phase and wavevector of the acoustic wave. Light that is passing the
index grating is deflected into various diffraction orders at angles of constructive








where the subscript m is referring to the diffraction order, αin is the angle of
incidence and λopt, λac are the optical and acoustic wavelengths, respectively.
In order to gain maximum efficiency, the interaction in the AOFS is typically
optimized to diffract the major part of the light into a single diffraction order by
creating purely sinusoidal index gratings of several centimeter interaction length.
In practice, diffraction efficiencies of 70-90% are possible, which, however, require
the input of several watts of electrical power and make an active cooling system
necessary.
An equivalent description to the diffraction formula (2.5.6) is given in k-space,
when the wave vector of the acoustic wave is considered as a grating vector. For
the geometry shown in Fig. 2.8, the k-vector addition of the optical waves and the
acoustic wave reads as
kout = kin − kac, (2.5.7)
where the negative sign accounts for reverse traveling direction of the acoustic wave.
Apart from the relation in k-space, the interaction with the acoustical phonon has
to conserve the energy in the spectral domain. It is this feature that provides the
necessary leverage for CEP control as it gives rise to a spectral shift of the entire
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Figure 2.8: Frequency comb offset control with an acousto-optic frequency shifter
(AOFS). Energy and momentum conservation are fulfilled for the in-
teraction with an acoustical phonon of frequency fac and wavevector
kac in the -1st diffraction order. The presented diffraction geometry
(αin = −αout) is achieved if the angle of incidence is half the Bragg
angle: αin = αB/2 = 1/2arcsin(λopt/2λac).
frequency comb. In the minus first diffraction order the down-shifted frequency
comb is given by
νm(t) = fCE(t)− fac(t) +mfrep. (2.5.8)
A different way to explain the effect of the acoustic wave on the optical phase is
based on the principle of the grating phase. By treating the diffraction of an optical
grating in the Huygens picture, the interference of all secondary spherical waves
shows, that the optical phase in a diffracted beam is directly linked to the phase
of the grating, i.e., its lateral position. As can be seen in Fig. 2.9, a lateral grating
phase shift of π will change the condition at a specific point from constructive
to destructive interference and vice versa. Consequently, the optical phase of the
diffracted beam is shifted accordingly, whereas the temporal envelope of the pulse
is not affected. In the present situation, the phase of the induced index grating is
changing continuously due to its propagation, which causes the previously described
frequency shift by ∂ϕ/∂t = fac.
For the purpose of CEP stabilization, fCE is measured with a suitable non-
linear interferometer, preferably in the otherwise unused zero diffraction order,
and is directly used as a driver signal for the AOFS [fac(t) = fCE(t)]. This self-
referenced CEP stabilization operation yields the particularly important case of a










Figure 2.9: Emergence of the first diffraction order from a transmission grating in
the Huygens picture. The different lateral positions of the grating in
(a) and (b) demonstrate the dependence of the optical phase in the
diffracted output on the grating phase.
stabilization schemes, except for the technically challenging direct locking scheme
presented in [70].
Moreover, the measured beat signal is easily shifted with an additional local
oscillator [fac(t) = fCE(t)−floc] before it is fed to the AOFS, which allows creating
frequency combs with arbitrary offsets. The spectral representation then reads
νm = −floc +mfrep. (2.5.9)
Next to the presented flexibility in the choice of the frequency comb offset, the
feed-forward stabilization scheme has further distinctive advantages compared to
the classical feedback schemes. First, the fact that no PLL is involved (that can
lose the phase lock) renders the scheme intrinsically robust and lets it automati-
cally regain stabilization after possible interruptions. Second, the absence of any
back-action on the intracavity dispersion allows the free-running operation of the
mode-locked oscillator without the influence on other laser parameters such as
pump power or repetition rate. Finally, the achievable control bandwidth is on the
order of 1MHz, which is an order of magnitude improvement compared to opti-
mized feedback schemes [108]. In fact, the total delay caused by electronic filters
and especially the traveling time of the acoustic wave to the interaction zone can
be limited to even less than a microsecond. Compared to the best feedback sta-
bilization results [69], this fast response time gave rise to a more than two times
improved stabilization performance, as it was demonstrated [19] by the record low
residual phase jitter (root mean square) of 45mrad.
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Unfortunately, the feed-forward type stabilization with an AOFS is not free of
side-effects on the laser parameters as well. The strong chirp that is acquired by the
pulses while passing the dispersive material of the AOFS has to be compensated,
if required for the subsequent application. In case of seeding an chirped pulse am-
plifier the compensation is not necessary, as the pulses need to be strongly chirped
anyway. Otherwise, suitable pulse compression techniques have to be employed.
Next to the temporal chirp, the diffracted beam also shows some angular disper-
sion, which is a consequence of the wavelength dependence of the Bragg-condition
(2.5.6). This effect is compensated either by passing the AOFS a second time in
the reverse direction, which requires the frequency division of the electric signal by
two [111], or by placing a dispersive element (e.g. a glass wedge) behind the shifter
that provides the same amount of negative angular dipsersion [75].
Apart from these static effects that are readily compensated, there are other
severe effects that are related to a drifting AOFS driver frequency fCE(t). In
fact, an AOFS always acts as a beam deflector, since the diffraction angle is also
dependent on the acoustic wavelength, see Eq. (2.5.6). This relation translates a
drifting beat signal into beam-pointing instabilities, which is detrimental, e.g., for
grating-based pulse stretchers that are used in some amplifier systems [112, 113].
Furthermore, a changing acoustic wavelength leads to a different grating phase at
the interaction zone with the laser beam. As discussed before, this grating phase
directly affects the optical phase, which gives rise to additional CEP noise.
The novel concepts that are presented in this thesis aim at the compensation of
such remaining side-effects of the feed-forward approach, in order to bring CEP




Absolute Limitations of Oscillator
CEP Stabilization
In this chapter the most limiting constraints of Oscillator CEP stabilization are
discussed, and respective measures to reduce their impact are presented.
In particular, the first section of this chapter treats the different noise sources
that impede a flawless detection of the CEP. While section 3.1.1 deals with the less
restrictive technical issues of CEP detection that are addressed by the interferom-
eter design, section 3.1.2 covers the more fundamental limitation of shot noise that
is a result of the particle nature of light. As will be shown below the only chance
to lessen the latter restriction is an optimization of the light levels present in the
detection front-end.
Finally, section 3.2 deals with limitations of the stabilization process that arise
due to the inevitable time lag between the detection and the correction of the CEP.
Besides a limited control bandwidth, this latency causes additional phase noise in
a feed-forward type stabilization if the fCE of the free-running oscillator is subject
to drift. To this end, different stabilization concepts are presented that address
these causality-imposed shortcomings.
3.1 Limitations of CEP Detection
The different noise sources that affect the CEP slip in an oscillator pulse train have
been discussed in section 2.5. Theoretically, all of these correlated technical noise
features can be removed, given that a sufficiently fast and flawless stabilization
technique is at hand. In practice, however, such an ideal CEP stabilization perfor-
mance is not within reach, as already the detection process is subject to external
noise. If the measurement of the actual CEP slip in a pulse train is corrupted, a
subsequent stabilization scheme will always suffer from residual CEP noise, as the
phase errors of the measured beat signal are directly transferred to the stabilized
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output. Unfortunately, such additional noise occurs to some extent in all of the
different steps of CEP detection: Spectral broadening, nonlinear interferometry,
and photo detection.
During the first of these steps, i.e., the generation of an octave-spanning spec-
trum, the amplitude noise of the seed pulses is amplified due to the highly non-
linear interaction, especially for the case of broadening in photonic crystal fibers
[114–117]. Moreover, such amplitude fluctuations transfer into noise of the CEP
(amplitude-to-phase coupling) due to the intensity dependent GPO, see also sec-
tion 2.5.1.
On the one hand this input noise consists of technical noise, such as power
fluctuations caused by instabilities of the laser itself or by variations of the coupling
efficiency. On the other hand the input noise can be attributed to uncorrelated shot
noise. While the former noise sources are in principle addressable by stabilization
techniques, the latter represents a fundamental physical limitation that is solely
determined by the available pulse energies.
It was determined in numerical studies by Washburn and Newbury [117] that
the resulting noise figures strongly scale with the amount of spectral broadening,
the length of the used fiber, and the initial chirp of the pulses. They concluded
that it is optimal to seed a rather short PCF by high-energy pulses with vanishing
initial chirp, in order to obtain the necessary amount of spectral broadening with
the least possible phase noise.
In contrast to the broadening of common oscillators with microstructured fibers,
modern ultra-broadband oscillators have the major advantage of needing only small
additional broadening to obtain octave coverage, which can be achieved by SPM
in bulk materials. The whole difficulty of power fluctuations due to beam pointing
instabilities or vibrations is not present in bulk materials, which makes the broad-
ening process less susceptible for seed noise and reduces the overall noise corruption
in this step of CEP detection.
3.1.1 Interferometer Design
Next to the previously discussed process of spectral broadening, also the hetero-
dyning of different harmonics of the fundamental frequency comb in a nonlinear
interferometer is influenced by external noise. The optical components in such
interferometers must be kept mechanically stable with better than wavelength ac-
curacy in order to allow precise phase measurements. This requirement imposes
severe challenges on the design of these setups. Even though nonlinear interferom-
eters are often operated in a shielded environment, it is not possible to isolate the
interferometers completely against all sorts of noise sources, such as air streaks,
acoustic noise, mechanical vibrations, and thermal drifts. To this end, it is manda-
tory to employ an interferometer topology that is as insensitive as possible to said
external noise sources.
Figure 3.1 shows an overview of various interferometer topologies that report-
edly have been used for CEP detection. While in principle all the illustrated
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interferometers can be used for both, f -2f and 0 -f interferometry, their features
are treated exemplarily for the former technique. A very common interferome-
ter topology is the Mach-Zehnder interferometer depicted in Fig. 3.1(a). In this
setup the second harmonic is generated in a separate interferometer arm and is
combined with the fundamental spectral components afterwards. The temporal
overlap is thereby achieved via tuning the length of one interferometer arm with a
delay stage. An issue of this topology is the limited potential for miniaturization,
which results in a rather long unshared beam path of the f and the 2f components,
making the interferometer very susceptible to noise stemming from relative phase















Figure 3.1: Different nonlinear interferometer topologies. (a) Mach-Zehnder in-
terferometer (b) Prism-based quasi-common-path interferometer. (c)
Dichroic quasi-common-path interferometer. (d) Monolithic interfer-
ometer. BS: dichroic beam splitter. IF: interference filter. APD:
avalanche photo diode.
In principle, the issue of drifting interferometer arms can be avoided by using an
entirely collinear interferometer, in which the f and 2f components have the same
optical path. However, the compensation of the group delay that is introduced by
the process of spectral broadening and by other optical components of the setup is
usually difficult to achieve with a true common-path topology. One possibility to
address this issue is to place a birefringent crystal in the beam path, which then
introduces a relative delay to the orthogonally polarized f and 2f components
[118]. Another solution is the use of so called quasi-common-path (QCP) interfer-
ometers, which include a geometrical group delay compensation while reducing the
unshared beam path to the extent possible. A potential realization of such a QCP
interferometer [19, 119] is depicted in Fig. 3.1(b), which utilizes a prism sequence to
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separate the different spectral components and a pair of adjustable back reflecting
mirrors to tune the temporal delay. Comparing the CEP stabilization performance
of this interferometer design to a classical Mach-Zehnder interferometer yields a
reduction of residual phase noise by 40% [119], clearly demonstrating the improved
immunity of this setup against external noise.
Another realization of a QCP interferometer that is based on a dichroic beam-
splitter, see Fig. 3.1(c), has been developed during the work for this thesis in
collaboration with Sebastian Koke and was published in [120, 121]. In this rather
simple interferometer design, the unshared beam path is further minimized to the
small gap between a dichroic beam splitter, which reflects the short-wavelength
part of the spectrum and a metallic mirror reflecting the long-wavelength spectral
components. The spacing of the two mirrors is only on the order of a millimeter
and is adjustable to tune the relative temporal delay. A further advantage of
this setup compared to the prism-based approach is that no angular dispersion
is introduced, which makes it less sensitive to CEP noise stemming from beam
pointing instabilities. It is well known from the analysis of prism-based oscillators
that such pointing fluctuations have a strong effect on the GPO and thus also on
the CEP [26]. The comparison of the stabilization performances of the dichroic
QCP interferometer and the prism-based approach yields again a vast reduction of
residual phase noise, especially in the low frequency range (0.1Hz-10Hz), where the
characteristic 1/f noise contribution was reduced fivefold [120]. A measurement
based on this dichroic QCP interferometer is presented in section 3.2.1.
In terms of passive stability the dichroic interferometer is only surpassed by a
completely monolithic interferometer as it is depicted in Fig. 3.1(d). This type of
interferometer differs from all the previous designs, as it not only performs the fre-
quency doubling or the DFG, but also provides the necessary spectral broadening
by SPM in one and the same nonlinear crystal. Typically, quasi-phase-matched
periodically poled lithium niobate (PPLN) crystals are used for this purpose, as
they posses high conversion efficiencies and, moreover, they provide the opportu-
nity to tune the conversion frequency to some extent via the crystal temperature.
The truly collinear design that basically consists of the nonlinear crystal itself,
renders the interferometer very robust against external noise and makes it nearly
maintenance-free, as was demonstrated by the long-term measurements in [75]. On
the downside, this design is only applicable to modern laser oscillators that already
provide more than 300 nm broad spectra right from the cavity, so that the SPM
in the PPLN crystal is sufficient to obtain the octave coverage. Moreover, the in-
terferometer offers no opportunity to compensate the group delay of the different
spectral components accumulated in the nonlinear crystal, which at least reduces
the strength of the generated beat signal. Generally, the parameters of the non-
linear crystal (wavelength tuning, crystal length, material dispersion) have to be
chosen very carefully, as there is almost no way to adjust the interferometer once
it has been set up. Despite these obstacles, it has been demonstrated that such
monolithic interferometers can provide rather strong beat signals with a signal-to-
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noise ratio (S/N) of approximately 55 dB [69] in a 100 kHz resolution bandwidth
(RBW). This result comes close to the best reported values that have been obtained
with fiber-based spectral broadening [121], see also section 3.1.2. CEP stabilization
results that were achieved with a monolithic 0 -f interferometer will be presented
in section 4.1.1.
3.1.2 Shot Noise Limitations in RF-Heterodyning
The final step of CEP detection is the electro-optic conversion of the beat signal in
the detection front-end of the nonlinear interferometer, which is usually achieved
with a sufficiently fast avalanche photodiode (APD) that preferably has a high
quantum efficiency at the given detection wavelength. Depending on the strength
of the illumination, the photo current provided by the APD is either dominated
by optical shot noise or by noise that is stemming from the detector itself. The
latter is observed under extreme low light conditions, where the signal is affected by
noise of the leakage current, excess noise due to the avalanche process, and thermal
Johnson-Nyquist noise in the electronics of the APD module. In total these effects
result in a certain noise-equivalent power (NEP) that defines the ultimate white
detection noise floor of the APD module. If, however, the illumination of the APD
is increased, the noise of the photo current is also affected by optical shot noise,
which is an unavoidable consequence of the particle nature of the incident light field
[122–125]. From a statistical point of view, the emission and detection of photons
is subject to pure Poissonian statistics, meaning that the occurrence of such events
is completely uncorrelated, which is true unless non-classical light is considered
[126, 127]. A random variable is called Poisson-distributed if its probability mass
function is given by
p(k) = λ
ke−λ
k! , λ > 0, k ∈ N, (3.1.1)
where the expected value of the random variable as well as its variance are equal
to λ. Consequently, if the number of photons that are emitted by a light source in
certain amount of time is 〈N〉 on average, the photon number standard deviation
is
√
〈N〉, showing that the impact of shot noise is decreasing with increasing light
fluence. As a result, shot noise is often overruled by other technical noise sources
when dealing with strong light sources that deliver milliwatt powers or above.
However, when very weak optical signals are detected, shot noise has to be taken
into account.
At first sight, it appears puzzling that shot noise may be a limiting constraint
for heterodyne detection of the CEP slip at all, as typical oscillators provide on the
order of a few 100mW average power and pulse energies in the nanojoule range.
While these energy levels correspond to photon numbers on the order of 1010 per
pulse, thus enabling the precise determination of the energy level of individual laser
pulses within a 10−5 noise margin, only a minor fraction of the total pulse energy
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finally reaches the detection front-end of the nonlinear interferometer. First, the
process of spectral broadening readily costs three orders of magnitude in terms
of photon numbers, as the spectral densities in the wings of the supercontinuum
are typically some 10 dB lower than the peak power density. Second, only a small
wavelength interval at the spectral edge is then converted by either SHG or DFG,
which is furthermore very inefficient at these low light levels. Even when using
quasi-phase matched crystals the conversion efficiency is only on the order of 0.1 to
1%, realistically bringing the number of photons that contribute to the amplitude
modulation down to 104, which eventually allows for a S/N of a mere 100.
These numbers clearly indicate the important role of shot noise in the detection of
the CEP, which are systematically investigated in the following. Numerical simula-
tions are presented to quantify the light level dependence of the shot noise induced
phase jitter as well as the impact of detector noise. Moreover, a connection between
the corruption by such white noise sources and the stability of a classical feedback
loop is established. In order to address the limitation of shot noise, a numerical
study for the optimization of the supercontinuum generation process is presented,
which led to substantially improved S/N of the experimentally determined beat
signals.
Numerical simulations of shot noise effects
For the investigation of shot noise effects a series of numerical simulations has
been conducted in which a train of pulses with an average photon number 〈N〉
is synthesized, as it is detected in the front-end of an f -2f interferometer. This
type of interferometer is considered here without any loss of generality, and the
findings are readily expanded to all methods relying on the optical interference of
different harmonics. The generated pulse train is sampled at the repetition rate of
the oscillator frep, so that each element of the time series N(k), k ∈ N represents
the photon number of one individual laser pulse. To account for the beating of
the different harmonics an amplitude modulation is encoded on the time series
according to
N(k) =
∣∣∣∣√〈Nf 〉+√〈N2f 〉 exp(iϕ(k))∣∣∣∣ , (3.1.2)
where 〈Nf 〉 and 〈N2f 〉 are the average photon numbers in the heterodyned spectral
regions and the phase is ϕ(k) = 2πkfCE/frep. Next, Poissonian noise with an rms
spread of
√
N(k) is added to the time series to account for the shot noise, giving
rise to a white detection noise floor in the RF power spectrum.
The repetition rate was set to 100MHz in the simulations in order to match the
situation of a typical Ti:sapphire oscillator. Scaling to other repetition rates is
straightforward in the numerical simulations, albeit in practice it becomes increas-
ingly challenging to achieve a reasonable S/N at higher repetition rates, simply due
to the lower pulse energies. The actual value of the beat frequency does not affect
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the resulting noise levels and was arbitrarily set to 2MHz. In the first set of simu-
lations, the length of the time series was fixed at L = 1000, which corresponds to a
100 kHz resolution bandwidth (RBW) of the RF power spectrum. For the reason
of comparability, all given RF power S/N in this thesis, including experimentally
dertermined values, refer to a 100 kHz RBW, even if later simulations are based on
longer time series of one million data points.
In order to investigate the influence of the photon numbers, the noisy pulse
trains, as well as the corresponding RF power spectra are plotted in Fig. 3.2 for
two different total average photon numbers 〈N〉 = 〈Nf 〉+ 〈N2f 〉. In both cases the
average photon numbers of the f and 2f components are assumed to be ideally
balanced
〈Nf 〉 = 〈N2f 〉 = 〈N〉 /2, (3.1.3)
which results in a 100% modulation depth of the pulse train and corresponds to a
beat signal at 6 dB below the level of the intermode beat. At very low light levels
of only 10 photons per pulse, see Fig. 3.2(a) and (c), the pulse train makes a rather
noisy appearance, even though the visibility of the beat signal is already equivalent
to a S/N of 37 dB. For a hundred times higher photon number 〈N〉 = 1000, see
Fig. 3.2(b) and (d), the pulse train becomes quite smooth, and the reduction of
the noise floor enhances the visibility to 57 dB.
The determination of the beat visibility has been repeated systematically for
various average photon numbers and the results are depicted as the red triangles in
Fig. 3.3. It should be emphasized that the S/N of the RF power, which is linearly
scaling with 〈N〉, is not to be confused with the optical S/N that is only scaling with
the square root of 〈N〉. Apart from the ideally balanced situation, the S/N was
also analyzed for the case that either the f or the 2f components become ten times
larger (green circles) or even a hundred times larger (black squares) than the others.
Given that the total number of photons is kept constant, the S/N is the lower the
more asymmetric the distribution of photons among the f and 2f components
becomes, as it is indicated by the vertical shift for the different cases in Fig. 3.3.
From this one might conclude that a symmetric distribution always leads to the
highest S/N possible. However, this conclusion is only correct if there is a fixed
number of photons shared between the f and 2f components, which is typically
not the case for broadening via SPM or soliton fission. If the photodetection is
assumed to have a perfect quantum efficiency and is not corrupted by additional
noise from the detector, the S/N reads
S/N(@100 kHz RBW) = 2 〈Nf 〉 〈N2f 〉
〈Nf 〉+ 〈N2f 〉
· 1000, (3.1.4)
where 2 〈Nf 〉 〈N2f 〉 is the mean square of the beat signal and 〈Nf 〉 + 〈N2f 〉 is the
variance of the corresponding Poissonian noise. The additional factor accounts
for the integration over one thousand laser pulses at the resolution bandwidth of
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Figure 3.2: (a,b) Time series of the photon numbers of a frep =100MHz pulse
train amplitude modulated at fCE =2MHz for different average photon
numbers: 〈N〉 = 10, 〈N〉 = 1000. (c,d) Corresponding RF power
spectra as displayed by a spectrum analyzer at 100 kHz RBW with
S/N indicated in red.
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Figure 3.3: RF power S/N of the beat signal for pure Poissonian noise at 100 kHz
RBW vs. total average number of photons per pulse for balanced f
and 2f spectral components (red triangles) as well as for asymmetric







































Figure 3.4: RF power S/N of the beat signal for Poissonian noise plus white APD
detector noise of 134 photons per pulse vs. total average number of
photons per pulse for balanced f and 2f spectral components (red
triangles) as well as for asymmetric cases (green circles, blue squares).
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100 kHz, which increases the acquired number of photons accordingly. In case
the supercontinuum generation process allows the optimization of the f and 2f
components independently from each other, one finds that an asymmetric situation
can yield a higher S/N than a symmetric situation where both components are at
the same low light level. However, since this improvement is limited to a factor of
two, even for an arbitrary high ratio of 〈Nf 〉 and 〈N2f 〉, it is often more effective
to optimize the level of the weaker signal. In fact, the bottleneck in most setups is
the level of the frequency doubled components, as it suffers from the low efficiency
of both, spectral broadening and SHG, typically leading to orders of magnitude
weaker light levels than for the fundamental spectral components.
While so far the dependence of the S/N on the light level has been calculated
exclusively for pure Poissonian noise, a more realistic calculation has to incorporate
the limiting detection noise floor of the photo diode. Ready-to-use APD modules
that are optimized for short wavelength detection with a bandwidth on the order of
100MHz typically possess a noise equivalent power of about 0.5 pW/
√
Hz 1. This
value defines the optical power level of a signal that yields a S/N= 1 for a measure-
ment time of half a second. By adapting the detection bandwidth to the situation
in the simulations (100MHz), the reduction of the measurement time by a factor
108 increases the detectable power level to 5 nW. Assuming the practically relevant
detection wavelength (532 nm), the power level of the detection noise already cor-
responds to a photon number standard deviation of σDet = 134 photons per pulse.
To this end, the calculation of the S/N according to Eq. (3.1.4) has to be expanded
by the respective noise term in the denominator:
S/N(@100 kHz RBW) = 2 〈Nf 〉 〈N2f 〉
〈Nf 〉+ 〈N2f 〉+ σ2Det
· 1000. (3.1.5)
In the numerical calculations the additional detector noise was taken into account
by adding white Gaussian noise with the same spread as specified above. The sys-
tematic determination of the resulting S/N has been repeated in the same fashion
as before and the results are shown in Fig. 3.4. This more realistic dependence of
the S/N on the photon number can be divided into three different regimes. First,
at very high photon numbers of 105 and above, the comparison to Fig. 3.3 reveals
almost no deviation, which is explained by the strong domination of shot noise
effects over detector noise. Second, at very low light levels of less than 10 photons
per pulse, the detection noise is prevailing so that no beat signal is resolvable at
all. Third, in the intermediate regime both noise sources have to be considered and
the scaling of the S/N is proportional to N2. Even the best reported S/N [69, 121],
which are indicated by the green zone in Fig. 3.4, fall into the range where the
detector noise cannot be completely neglected.
With the ability to determine the best achievable S/N from the number of pho-
tons present in the interferometer detection front-end, the next step is to calculate
1Noise equivalent power determined from the specifications of the used Hamamatsu APD module
C5331-11.
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the phase jitter that is induced by the respective white noise floor, in order to give
an estimate about what kind of stabilization performance can be achieved at a
given beat note visibility. One possibility to quantify this functional dependence is
to demodulate the phase from the noisy pulse train by the Fourier transform-based
Takeda algorithm [128] and compare it to the reference phase from a noise-free
pulse train. This procedure is very useful when the rms phase jitter is rather small
(δϕ  π), but runs into difficulties when the phase jitter becomes as large as a
few hundred milliradians. The reason for this issue is that the algorithm fails to
distinguish between real phase errors and discontinuities that stem from the phase
ambiguities on the interval [−π;π]. Therefore a different phase detection approach
was used that is based on the multiplication of the noisy beat signal with a reference
signal in the time domain according to the trigonometric identity
sin(ϕ1) cos(ϕ2)− sin(ϕ2) cos(ϕ1) = sin(ϕ1 − ϕ2). (3.1.6)














































Figure 3.5: Simulated functional dependence of the rms phase jitter that is induced
by shot noise and detector noise on the S/N of the beat signal for
different detection bandwidths. The scale on the right ordinate yields
the respective timing jitter for an optical cycle of 2.7 fs.
Taking the inverse sine of the mixing result then yields the shot-to-shot phase
errors of the time series. This procedure was repeated for the same average photon
numbers as it was done in Fig. 3.4 for the balanced situation. The full rms phase
jitters deduced from these time series are plotted vs. the respective S/N ratios,
indicated by the red triangles in Fig. 3.5. One finds that these data points mainly
follow a straight line with the slope −1/2 on the double-logarithmic plot, revealing
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that a tenfold decreased detection noise induced phase jitter corresponds to a 20 dB
improvement in beat note visibility. This finding is explained by the fact that the
noise floor in the RF power spectrum, determined by the S/N, scales in the same
fashion as the noise floor in the power spectral density (PSD) of the phase noise






where the value of the phase jitter obviously depends on the integration limits.
For this reason, one has to be careful when comparing the residual phase jitters of
different stabilization setups that were sampled at different bandwidths. Figure 3.5
illustrates the phase jitter dependence for various bandwidths down to 100 kHz,
indicated by the colored data sets. One optical cycle at a center wavelength of
800 nm has a duration of 2.7 fs, which allows the conversion of the calculated phase
jitters into relative timing jitters of the carrier and the envelope, as indicated by
the right ordinate in Fig. 3.5. It is found that an enormous beat visibility of more
than 80 dB is necessary to achieve a shot-to-shot timing jitter in the sub-attosecond
regime.
Alternatively to the presented simulations, the coupling of amplitude noise to
the phase jitter can be deduced analytically from a phasor diagram, as shown in
Fig. 3.6. In this treatment the amplitude modulation of the pulse train is consid-
ered to be the projection of the two-dimensional circular motion onto the y-axis.
According to trigonometrical considerations, an infinitesimally small amplitude de-








which depends on the current phase ϕ and the modulation amplitude ŷ. The
approximation in Eq. (3.1.8) is only valid for optical signal-to-noise ratios ŷ/dy
that are much greater than one. In order to calculate the resulting rms phase
jitter, one has to extract the square root of the squared phase error (dϕ)2 that is























3.1 Limitations of CEP Detection
Considering the S/N of the RF power instead of the optical S/N one yields the
same scaling behavior (∝ 1/
√











Figure 3.6: Amplitude-to-phase coupling in a phasor diagram.
For rather low S/N of 30 dB and less, however, the phase jitter dependence starts
to deviate from the linear slope on the logarithmic scale in Fig. 3.5 when the shot-
to-shot phase errors are no longer small compared to π. While at higher S/N the
mixing product in Eq. (3.1.6) is directly proportional to the phase error itself, the
approximation sin(∆ϕ) ≈ ∆ϕ starts to fail when the shot-to-shot phase errors
approach a few hundred milliradian, explaining the deviation observed at lower
S/N.
Interestingly, in experiments at similar S/N of 30 dB or less, the beat signal is
reportedly found to be too weak to establish a stable feedback loop. It is therefore
advisable to investigate the impact of the white noise from the electro-optic conver-
sion on the stability of a PLL. Based on the previous simulations, the mean time
that such a PLL can be preserved before it unlocks is determined in its functional
dependence on the beat visibility. This allows the estimation of the minimum sig-
nal level that is required to get a reasonably stable lock in the absence of any other
technical noise.
The calculations are based on the assumptions that all-analog locking electronics
with a phase ambiguity range of [−π/2;π/2] are used and that the lock is likely
to be lost if the phase error exceeds this phase interval within a given locking
bandwidth. It has been confirmed that the phase errors always follow Gaussian
statistics when the bandwidth is reduced to the bandwidth of an optimized feedback
loop floop = 100 kHz [108]. Fig. 3.7 exemplarily depicts the histogram plot of the
numerically determined phase jitter sampled at floop for a S/N as low as 20 dB. The
standard deviation σ = δϕ(flow, floop) of the Gaussian fit is then used to compute
the probability for an event outside of [−π/2;π/2], which causes the feedback loop
to unlock. This probability is calculated from the complement of the respective
cumulative Gaussian distribution. Multiplication of the probability for such events
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where erfc(x) = 1 − erf(x) is the complementary error function of the normal
distribution. In combination with the previous results Eq. (3.1.12) enables the
plot of the mean locking time as a function of the the beat visibility, see Fig. 3.8.
Under the given assumptions it is found that already a rather small S/N of 23 dB is
sufficient to achieve locking times of several hours. This beat visibility corresponds
to an rms phase jitter of 250mrad. Owing to the steepness of the curve in Fig. 3.8,
only a mere 50mrad additional phase noise brings the mean locking time down to
one minute. Eventually, for a visibility of less than 19 dB and 400mrad rms phase
jitter, phase locking becomes practically impossible, as the mean locking time is
already less than a second. In summary these results indicate that the impact of
shot noise and detector noise alone give rise to a threshold S/N of 23 dB that has
to be surpassed in order to establish a stable PLL.
It has to be emphasized again that these results were derived in the absence of any
correlated technical noise, which can explain the discrepancy to the experimental
observation, that a stable lock requires a beat note visibility close to 30 dB. For
a more precise estimate of a PLL’s mean locking time one has to incorporate all
potential other noise sources that influence the CEP, such as seed noise from the
mode-locked oscillator, as well as the noise acquired during the different stages of
CEP detection, which have been discussed above.
Optimization of the supercontinuum generation process
The only viable way to lessen the previously discussed restrictions of CEP detec-
tion is to increase the light levels in the interferometer detection front-end. The
minimization of optical losses in the interferometer bears only a limited potential
for such improvements, and also the efficiency of the frequency doubling is already
mostly optimized by the use of quasi-phase matching techniques, see section 3.1.1.
Certainly the most effective measure to improve the photon numbers of the f and
2f spectral components is an optimization of the supercontinuum generation pro-
cess in the PCF. In practice, one finds that already small changes of the input peak
power, caused, e.g., by variations of the coupling efficiency, strongly influence the
spectral distribution of the supercontinuum. Apart from this, the observed amount
of spectral broadening also depends on the length of the used fiber.
To this end, a numerical study of the soliton fission-based broadening process
inside the micro-structured fiber was performed to find the conditions under which
the spectrum is optimally distributed so that the highest possible S/N is achieved.
To match the conditions of the experiments presented in this thesis, the disper-
sion profile and the geometrical properties of the employed commercial PCF (NL-
PM-750, NKT photonics) were taken into account for the numerical simulations.
44
3.1 Limitations of CEP Detection

















Gaussian fit σ = 0.36 rad
Figure 3.7: Histogram plot of the numerically determined phase error at a band-
width of 100 kHz and a Gaussian fit with a standard deviation of
σ = 0.36 rad.









































Figure 3.8: Mean time before an analog PLL unlocks as a function of the beat note
visibility at 100 kHz RBW and a loop bandwidth floop = 100 kHz.
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This polarization maintaining fiber combines a very small effective mode area of
only 2µm2 and a zero dispersion wavelength of 750 nm. The input center wave-
length and the initial pulse duration were set to 770 nm and 15 fs, respectively.
Computation of the spectra was performed in dependence on the propagation dis-
tance for different input powers according to the numeric model described in [129].
In cooperation with the group of Joachim Herrmann, these simulations were con-
ducted by Anton Husakou and have been published together with the following
experimental results in [121].
The simulated evolution of the spectral distribution under propagation in the
PCF is shown in Fig. 3.9(a) for an input peak power of 22.8 kW (3 nJ pulse energy),
where the spectral density is encoded in the logarithmic color scale. The horizontal
black lines represent the spectral positions (530 nm and 1060 nm) heterodyned in
the f -2f interferometer, which are mainly predefined by the used PPLN crystal. In
the anomalous dispersion regime close to the lower black line at 1060 nm one can
observe the successive split-off of fundamental solitons and their subsequent red-
shift as it was discussed in section 2.4.3. Moreover, the build-up of dispersive waves
in the normal dispersion regime is reproduced, which gives rise to strong spectral
content close to the upper black line at 530 nm. Based on the computed spectral
map it is now possible to calculate a figure of merit (FOM) for the achievable S/N
in dependence of the propagation distance from the spectral power densities at
the relevant spectral positions (E530, E1060). The definition of the FOM basically
follows the same scaling as the S/N in Eq. (3.1.4), but has to account for the SHG




where ESHG = deffE21060 is the spectral power density of the frequency doubled light.
Here the efficiency deff is determined according to a PPLN conversion efficiency
of 2%/mm/W for a converted wavelength interval of 1.5 nm FWHM. The FOM
deduced from the spectral map is plotted as a function of the propagation distance
in Fig. 3.9(b), revealing that the optimal fiber length at this input peak power is
≈ 6mm, which is by far shorter than the 10-20 cm long fibers usually employed
[19]. The additional local maxima of the FOM can be attributed to the propagation
distances at which the split-off fundamental solitons cross or come close to the
lower black line at 1060 nm. Such maxima are most likely the reason why f -2f
interferometry can also produce reasonable S/N with fibers that are even longer
than the 6 cm considered in the simulations. Nevertheless, the highest possible S/N
is solely reached with very short fibers, which is even more pronounced at higher
input peak powers, as shown by the trend in Fig. 3.9(c). Vice versa, one can infer
that the shorter the fiber is, the more light has to be coupled into it in order to get
the optimal spectrum. After all, a shorter fiber can thus lead to a higher number
of photons in the relevant spectral regions. In conclusion, the somewhat counter-
intuitive outcome is that an actual reduction of the effective nonlinearity gives
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Figure 3.9: (a) Spectral distribution in the frequency domain as a function of the
propagation distance. Spectral power density encoded in false colors.
(b) Dependence of the figure of merit for an optimal S/N on the prop-
agation distance for a 15 fs input pulse at 770 nm. (c) Peak power
dependence of the optimal propagation distance.
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rise to an improved signal quality if at the same time the power level is increased
accordingly.
However, in practice there is a lower limit for the fiber length down to which
the preparation of such micro-structured fibers is still feasible. Given that the
preparation involves multiple steps, such as cutting the fiber, collapsing the mi-
croscopically small holes with a fusion splicer, gluing the fiber into a capillary and
polishing both facets, the practical limit was found to be a length of approximately
10mm. For the experiments presented in [121] such a short fiber was prepared,
and the resulting supercontinuum greatly improved the S/N of the beat signal by
20 dB compared to the measurements in [19], where a fiber of 20 cm length was
used. The measured in-loop and out-of-loop beat signals achieved with the 10mm
fiber are illustrated in Fig. 3.10, showing a S/N of 60 dB and 53 dB, respectively.
These results, in all conscience, mark the highest visibility of a CEP beat signal
that has been reported so far.
































Figure 3.10: In-loop and out-of-loop beat signals generated with a dichroic QCP
interferometer and measured with a RF spectrum analyzer at 100 kHz
RBW.
While this achievement already denotes an enormous improvement of the ability
to detect CEP noise, a closer inspection of the spectral distribution in Fig. 3.9(a)
reveals the potential for further optimizations to even higher light levels. Shifting
the f and 2f components to higher optical frequencies can yield an even better
S/N, given that the major part of the spectral content is located at slightly shorter
wavelengths than the used 530 nm and 1060 nm. To make use of this finding, a short
wavelength-optimized PPLN crystal or a different material, such as periodically
poled potassium titanyl phosphate (PPKTP), are promising alternatives under the
given spectral conditions.
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3.2 Limitations of CEP Stabilization Schemes
Apart from the restrictions of the CEP detection process that have been treated
in the previous section, the eventual CEP stabilization performance is limited by
the applied control mechanism as well. Fig. 3.11 provides a comparison of the two
different types of stabilization schemes that have been used so far to control the
CEP slip in an oscillator pulse train. On the one hand, there is the conventional
feedback stabilization, which controls the CEP slip by changing the intracavity
dispersion, e.g., via a power dependent nonlinear phase shift. This way a stable
PLL can be established, locking the CEP slip to a certain RF reference oscilla-
tor. On the other hand, one can use the recently introduced feed-forward type
stabilization scheme, which controls the CEP independently from the oscillator
with an external acousto-optic frequency shifter. While the latter technique has
some distinct advantages, such as the ability to directly produce frequency combs
with vanishing offset mostly without crosstalk to other laser parameters, both of
the presented control mechanisms suffer from a limited control bandwidth. This
bandwidth is simply defined by the time lag between the measurement of the error
signal in the in-loop interferometer and the instant of time at which the correction
takes place. In case of a feedback stabilization this time lag is usually substantially
higher than for the feed-forward type stabilization, due to the additional delay from
the locking electronics and the necessary time it takes to change the intracavity
dispersion. Optimized locking electronics combined with acousto-optic power mod-
ulation, as shown in Fig. 3.11(a), allow for feedback control bandwidths of 100 kHz
[108], whereas the control bandwidth of the feed-forward type stabilization can be
an order of magnitude higher [19].
In principle, a control mechanism with a bandwidth of 1MHz is sufficient to
compensate for all technical noise sources present in the CEP of a Ti:sapphire
oscillator pulse train, since the fastest technical noise contributions transferred to
the CEP are limited by the lifetime of the upper laser level. This is the reason
why one solely observes white phase noise above several hundred kilohertz for
Ti:sapphire oscillators [108]. Fiber lasers, on the other hand, typically exhibit much
stronger CEP noise that shows up as very broadband free-running beat signals on
a spectrum analyzer. This can be partly explained by the longer lifetime of the
upper laser level that results in relaxation oscillation frequencies on the order of
10 kHz. As a result, external technical noise contributions are closer to resonance
and are much stronger transferred into intracavity power fluctuations, which in turn
induce fast drifts of the fCE. On the other hand, fiber lasers exhibit much higher
cavity gain and loss, larger nonlinearities, and also larger net cavity dispersion,
which is why the typically longer laser pulses experience much stronger envelope
timing jitters than Ti:sapphire oscillators. In contrast to that, phase jitters of
the carrier waves are not increased [130]. As a consequence, the level of CEP
noise in fiber lasers is often substantially higher than in bulk lasers, which renders
the CEP stabilization of such lasers more challenging. The best reported CEP
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Figure 3.11: (a) Feedback CEP stabilization via back action on the oscillator pump
power with an acousto-optical modulator (AOM) to lock the measured
beat signal to the reference (Ref). (b) Extra-cavity feed-forward type
CEP stabilization with an acousto-optic frequency shifter (AOFS).
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stabilization performance was demonstrated with a fast graphene-based electro-
optical loss modulator inside the cavity of a thulium fiber laser [131], which showed
an rms phase jitter of 144mrad. This result is still more than three times worse
than the residual phase noise observed by Koke et al. with a Ti:sapphire oscillator
[19] and it shows almost an order of magnitude more phase noise than the results
presented below. This gap demonstrates that there is still room for improvement
of the CEP stabilization performance of fiber lasers, which can potentially be filled
by the feed-forward type stabilization scheme and its high control bandwidth.
Despite the proven benefits, the feed-forward type stabilization shown in Fig. 3.11(b)
essentially does not represent a true feed-forward stabilization scheme, as the time
lag ∆t between the detection and the correction of the CEP prevents a stabilization
on a shot-to-shot basis. In practice, for a time lag of ∆t ≈ 1µs, more than one
hundred laser pulses pass the AOFS before the measured in-loop signal reaches the
interaction zone. This delayed correction gives rise to a strongly frequency depen-
dent phase response ϕ(fCE), which in turn introduces additional CEP noise if the
frequency of the measured beat signal is subject to drift.
The effect of a drifting beat frequency on the CEP is readily deduced from the
schematic plot in Fig. 3.12. The time delay is mainly introduced by the acoustic
traveling time and to some extent by the GD of the used electronic filters. This
delay corresponds to a certain phase difference ∆ϕ of the beat signal. The result-
ing phase error made in the correction, by itself, does not compromise the CEP
stabilization as long as the phase difference stays constant over time. If, however,
the frequency of the beat signal varies gradually, see the dashed and solid lines in
Fig. 3.12, the phase difference changes according to
∆ϕ(t) = 2π∆tfCE(t). (3.2.1)
As a consequence, a drift of the fCE by only 100 kHz at a delay of 1µs already
causes a phase shift of one tenth of a full cycle, i.e., 628mrad. The fact that
such drifts easily occur in a free-running oscillator on a minute time scale strongly
highlights the need for further measures to diminish the effect on the CEP by pas-
sive or active means. In the following, several different new schemes are presented
that deal with the limitation of the delayed correction, which all have their advan-
tages and disadvantages. In particular, a combination of the feed-forward and the
feedback stabilization is presented in section 3.2.1, which led to new record low
residual phase noise. Further concepts to address the shortcomings of the different
stabilization schemes are discussed in section 3.2.2.
3.2.1 CEP Double Stabilization
The previous considerations have shown that the combination of a finite control
bandwidth and a drifting frequency comb offset gives rise to significant phase noise
in a feed-forward type CEP stabilization. In practice, the passive stability of the
CEP slip in a Ti:sapphire oscillator pulse train is not sufficient to prevent the
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Filter GD + Acoustic Delay
∆t = tCorr − tDet
Figure 3.12: Origin of the frequency dependent phase response ϕ(fCE) of the feed-
forward type stabilization scheme.
appearance of such phase drifts, even on the time scale of minutes or seconds. A
possible solution to this problem is the control of the laser oscillator in order to
keep the beat signal at a specific frequency. To this end, a novel stabilization setup
is realized in which the feed-forward type stabilization is combined with a classical
feedback loop that controls the CEP slip by the modulation of the pump power.
The schematic of the combined double stabilization setup, published in [121],
is depicted in Fig. 3.13. The setup is essentially divided into three different sec-
tions that are indicated by the dashed boxes, labeled (1)-(3). While the first box
represents the feedback stabilization, the second and third boxes illustrate the feed-
forward stabilization and the independent out-of-loop characterization of residual
phase noise, respectively. About one half of the output from a Ti:sapphire oscilla-
tor (Scientific Pro, Femtolasers), i.e., 250mW average power at 85MHz repetition
rate and 10 fs pulse duration, is used to generate an octave-spanning spectrum by
soliton fission in a 1 cm long PCF (NL-PM-750, NKT Photonics) as described in
section 3.1.2. The resulting supercontinuum is then focused into an AOFS (QZF-
70-10-.800, Brimrose), which is made from a 27mm long quartz crystal and features
a diffraction efficiency of 70% at a wavelength of 800 nm. To reach this efficiency
the shifter has to be driven with a strong 38 dBm RF signal at 70±10MHz, which
requires active cooling of the device. The angle of incidence is tuned to optimize
the diffraction efficiency of the zero and first diffraction orders, which is achieved
by the symmetric situation described in Fig. 2.8, where the angle of incidence is
chosen to be half the Bragg angle. The speed of sound in the quartz material is
specified as 5960m/s, which corresponds to a Bragg angle of 4.7mrad at an acous-
tic frequency of 70MHz. These numbers show that there is a further reason to
keep the CEP slip of the oscillator stable, since a frequency deviation of the AOFS
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Figure 3.13: CEP stabilization scheme combining a feedback stabilization via
pump power modulation (1) with a feed-forward type stabilization (2)
and out-of-loop characterization of residual phase noise (3). AOM:
acousto-optical modulator. PCF: photonic crystal fiber. AOFS:
acousto-optical frequency shifter. Ref: reference oscillator. DSO: dig-
ital sampling oscilloscope.
driver signal by only 1MHz already results in beam a pointing variation of 67µrad,
which can be detrimental, e.g., for seeding a subsequent amplification stage.
After re-collimation, the zero and first diffraction orders are separated and sent
to two independent but identically built f -2f interferometers used for the in-loop
and the out-of-loop measurements. The angular dispersion in the first diffraction
order is thereby compensated by a prism pair made of SF16 glass (not shown).
To exclude common phase noise features as well as a relative dephasing of the
two interferometers to the extent possible, the robust dichroic quasi-common-path
interferometer design presented in section 3.1.1 has been employed. The inter-
ferometers are built on a common base plate and shielded against environmental
influences as best as possible.
The advantage of performing the supercontinuum generation prior to the split-
ting into the two diffraction orders is that the actual potential of the stabilization
technique is demonstrated when both interferometers are fed with the same su-
percontinuum. This way the phase noise acquired during the spectral broadening
process is virtually eliminated by the stabilization. For most real-life applications,
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however, the fiber-based spectral broadening has to be done directly in front of
the in-loop interferometer, since the temporal structure of the pulses is completely
destroyed by the soliton fission process in the PCF, which is undesirable in the
diffracted output that is used for the actual application.
Thanks to the optimization of the length of the PCF, see section 3.1.2, the
beat signals measured in the in-loop and out-of-loop interferometer show an un-
precedented RF power S/N of 60 dB and 53 dB, respectively. The fact that the
out-of-loop signal does not quite reach the same S/N as the in-loop signal is par-
tially explained by the losses at the facets of the used prisms and partially by the
lower than specified AOFS diffraction efficiency at the spectral wings. Especially
the efficiency in the infrared wing of the spectrum is critical, due to the additional
reduction of the photon numbers during the subsequent SHG.
The first step of CEP stabilization is now to lock the in-loop measured CEP slip
to a quarter of the oscillator repetition rate (fIL = frep/4 ≈ 21MHz) by using the
commercial locking electronics from Menlo Systmes (XPS 800). The electronics,
consisting of a frequency divider, a digital phase detector, and a PID controller,
generate an error signal, which in turn controls the amplitude modulation of an
AOM driver that modulates the oscillator pump power. Once the feedback loop
is closed and once a stable lock is established, the in-loop signal is further used to
drive the AOFS for the purpose of removing residual phase noise. To this end the
beat signal is mixed with an additional local oscillator fOOL = 49MHz to operate
the AOFS at its optimal working point of 70MHz. This way the frequency comb
in the first diffraction order is stabilized to the offset −fOOL, which allows charac-
terizing the residual phase noise by simple comparison of the measured out-of-loop
beat signal and the same local oscillator in a balanced mixer. Of course, also other
combinations of reference oscillators than the one presented here (fIL = 21MHz
and fOOL = 49MHz) are possible to produce frequency combs with arbitrary off-
sets. Especially the technically important case of a frequency comb with vanishing
offset is readily achieved if the reference oscillator of the feedback loop is set to
the working point of the frequency shifter so that the in-loop signal can be directly
used as a driver signal for the AOFS. However, the proposed RF heterodyning
CEP detection scheme is not capable of characterizing the residual phase noise
at fCE = 0, due to the ambiguity of positive and negative frequency excursions.
Such measurements in the baseband are only feasible with a balanced homodyne
detection scheme [70], which requires the usage of unfavorable non-common-path
interferometers and has to deal with imperfect balancing and 1/f noise contribu-
tions in the electronics. In order to circumvent these difficulties, the phase noise
measurements were performed out of the baseband at fOOL = 49MHz.
For the measurements presented in Fig. 3.14(a) the phase noise was recorded
with a digital oscilloscope over 5 s at a sampling rate of 5MHz. In order to identify
the effect of the additional feedback loop, the noise was measured for the double
stabilization (red trace) as well as for the feed-forward stabilization without the
feedback loop (gray trace). The comparison reveals much stronger phase noise in
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the latter case, which shows up as a slow drift in the moving average, but also as a
higher phase jitter on shorter time scales. The fact that the measured phase noise
is flat over the entire trace in case of the double stabilization confirms that the
phase excursions observed for the open loop are indeed caused by the variations of
fCE, which are then suppressed by closing the loop.
For further insight, a Fourier analysis of the measured noise traces is given by
the single-sided phase noise density σϕ plotted in Fig. 3.14(b). The additional
black trace is the result of a background measurement, which represents the shot
noise-induced detection limit of the out-of-loop interferometer. This measurement
is realized simply by detuning the temporal delay of the f and 2f components until
no amplitude modulation remains. Owing to the strong improvement of the S/N
in both interferometers, the stabilization of CEP noise is not limited by shot noise
up to a frequency of some 105 Hz, which is in strong contrast to the results in [19],
where the performance was limited by shot noise over almost the whole resolved
frequency range. It has to be noted that the background measurement as well as
the double stabilization measurement have been corrupted by some other unknown
RF source in the range of the detection frequency. This parasitic signal corresponds
to a comb of equally spaced lines, which is not visible in the logarithmically plotted
PND in Fig. 3.14(b), due to a reduction of the printer resolution. These features,
however, are very narrow-band and do not significantly contribute to the overall
phase noise but are responsible for the distortion of the noise floor in the frequency
region around 1MHz.
Comparing the noise densities of the different stabilization schemes, one finds
that closing the feedback loop strongly reduces the phase noise at all frequencies
below some 104 Hz. Especially in the acoustic region from 10Hz to 5 kHz, where a
lot of technical noise is influencing the beat frequency, the PND is reduced by two
orders of magnitude. Above this region at 105 Hz, though, the PND of the double
stabilization is slightly increased by a rather broad noise band that is caused by
the servo electronics, marking the limited control bandwidth of the feedback loop.
In the low frequency region both stabilization schemes give rise to characteristic
1/f noise, which is shifted to lower frequencies for the double stabilization setup.
The underlying physical origin of this characteristic low frequency noise is still
unresolved. To some extent such noise scaling can be explained by a slow dephasing
of the interferometers, but even measurements with the most stable common-path
interferometers give rise to similar results [75]. A different approach to explain why
such 1/f noise can not be fully suppressed is that quantum noise inside the laser
oscillator transfers into uncorrelated white noise of fCE, which then accumulates
on long time scales to the observed CEP noise [120].
In Fig. 3.14(c) the integrated phase noise, see Eq. (3.1.7), is plotted as a function
of the lower integration limit, revealing that the total integrated rms phase jitter
(0.2Hz – 2.5MHz) is reduced from more than 80mrad to 20mrad if the additional
feedback loop is closed. Given that the duration of one optical cycle at 800 nm is
2.7 fs, this phase error translates into a carrier-envelope timing jitter of only 8 as,
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Figure 3.14: (a) Residual phase noise sampled at 5MHz for the double stabilization
setup (red trace) and for the feed-forward type stabilization only (gray
trace). (b) Single-sided phase noise densities (PND) for both measure-
ments as well as the detection noise. (c) Integrated phase noise (IPN)
vs. frequency with integration starting at 2.5MHz.
56
3.2 Limitations of CEP Stabilization Schemes
which represents, in all conscience, the most precise timing control of a physical
quantity obtained so far.
Table 3.1 provides a comparison of the best reported CEP stabilization results
that have been obtained with a feedback stabilization, a feed-forward stabilization,
and with the demonstrated combination of both. Moreover, the measured phase
jitters are plotted in Fig. 4.1 as a function of the respective S/N (full symbols),
together with the determined detection limit (hollow symbols). Since the results
were measured at different sampling rates, the calculated scaling of the detection
noise-induced phase jitter for various upper integration limits is added to the plot
(black lines), for comparison. It is remarkable that even though the setup from
Koke et al. was mostly limited by detection shot noise (see low spread of the full and
hollow symbols), the achieved 45mrad rms CEP jitter was already two times lower
than the 100mrad jitter obtained by Fuji et al. with a feedback stabilization and a
much higher S/N. This improvement remains even when the higher sampling rate
of the latter work is taken into account, which clearly demonstrates the superiority
of the feed-forward scheme. Compared to the results of Koke et al. the double
stabilization presented here gives rise to another more than twofold reduction of
the CEP jitter.
At the same time the double stabilization scheme enables long-term operation
at this high level of CEP stability, given that the feedback loop is made sufficiently
robust. In principle already a rather low loop bandwidth is sufficient to keep the
CEP slip coarsely at the defined set point, which allows using mechanical feedback
mechanisms, such as the translation of intracavity wedges.
Scheme Reference δϕ(flow, fhigh) flow − fhigh S/N
Feedback Fuji et al. [69] 100mrad 0.2mHz – 35MHz 55 dB
Feed-forward Koke et al. [19] 45mrad 0.2Hz – 2.5MHz 40 dB
Double stabilization This work [121] 20mrad 0.2Hz – 2.5MHz 60 dB
Table 3.1: Comparison of the best CEP stabilization results obtained with different
stabilization schemes.
In summary the presented double stabilization setup achieves unprecedentedly
high CEP stability, which is furthermore available for previously impossible long-
term experiments, e.g., in attosecond science or frequency metrology.
3.2.2 Further Schemes for CEP Stabilization
The double stabilization scheme presented in the previous section has resolved the
issue of additional phase noise in a feed-forward type stabilization that arises due
to the inevitably delayed correction and a drifting beat frequency fCE. Solving this
problem with a feedback loop, however, comes at the expense of the characteristic
drawbacks of the feedback approach. Any intervention in the intracavity dispersion
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Figure 3.15: Comparison of the best reported CEP stabilization results obtained
with a feed-forward type stabilization (Koke et al. [19]), a feedback
stabilization (Fuji et al. [69]) and the double stabilization presented
in this work. Full symbols represent the residual phase noise while
hollow symbols correspond to the detection noise. For guidance, the
calculated detection noise-induced phase jitters of an 80MHz pulse
train are indicated for different upper integration limits.
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of the oscillator is accompanied by crosstalk to other laser parameters, such as
output power or repetition rate, which are severe restrictions for amplifier as well as
metrology applications. Additionally, the double stabilization increases the phase
noise in the frequency range, where the control bandwidth of the feedback loop
ceases. These arguments show that the presented double stabilization is still not
the ideal solution to the issues of the feed-forward scheme and that a side effect-free
CEP stabilization scheme, if existent, remains to be found. In order to come closer
to this ideal conception, in the following several further CEP stabilization schemes
will be discussed that deal with the limitations imposed by the delayed correction,
all of which are working without any feedback to the laser oscillator.
True feed-forward stabilization via optical retardation
In principle, the total delay of the correction in a feed-forward type CEP stabi-
lization could be minimized to increase the available control bandwidth and to
lessen the effect of a drifting beat signal. In practice, however, the potential for
such an optimization is rather limited, as the acoustical traveling time can not be
made arbitrarily short without risking a damage of the electro-acoustic transducer.
Moreover, the necessity to use electrical filters imposes a limitation, as these filters,
depending on the steepness of their absorption characteristic induce a certain group
delay in accordance with the Kramers-Kronig relation, see Eq. (2.1.25). Such elec-
tronic group delays easily amount to more than 100 ns even for several MHz wide
bandpass filters, which is why the total group delay of a frequency shifter-based
control mechanism cannot be reduced to significantly less than 500 ns.
The only way to further increase the control bandwidth is to perform the in-loop
measurement prior to the correction in the AOFS and to add a subsequent optical
delay line that ideally matches the delay of the correction mechanism. This way it
can be made sure that each laser pulse experiences the correct phase shift in the
AOFS, resulting in a true feed-forward CEP stabilization on a shot-to-shot basis.
An appropriate delay line, however, requires the propagation over 150-300m to
fully bridge the time delay of the error signal. While the implementation of such
large delays can be managed in completely fiber-intergated systems, it represents a
challenging task for the free space propagation of ultrashort laser pulses. In fact, the
strong impact of dispersion and diffraction on the beam over such long propagation
distances makes the feasibility of the approach questionable. A potential solution
to this problem is illustrated in Fig. 3.16(a), where an evacuated multipass cell is
used as a folded optical delay line [132]. While such Herriott cells are typically
used for spectroscopic absorption experiments, they provide a convenient way of
introducing large optical delays within a compact setup. Naturally, the demands
on the mechanical stability of the cell design as well as the necessary mirror quality
are rising with the number of necessary reflections. As the current application
realistically requires several hundred optical reflections, very large and precisely
fabricated aspherical mirrors have to be used, making the overall cell design very
costly.
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Apart from these admittedly challenging technical difficulties, the scheme pre-
sented in Fig. 3.16(a) holds the unique potential for a true shot-to-shot CEP stabi-
lization without sensitivity to fCE drift. Only if the drift of the CEP slip becomes
very large (>10MHz), the AOFS driver signal diverges too much from the nominal
working point and a drop in diffraction efficiency will be observed. The frequency
comb offset of a thermalized Ti:sapphire oscillator, though, typically stays within
a range of ±10MHz at least for several hours making long term measurements
possible. Nevertheless, a remaining issue of this stabilization scheme is still the
uncompensated impact of a changing AOFS driver frequency on the diffraction
angle, causing beam pointing variations of the CEP stabilized output.
Feed-forward stabilization with electronic group delay compensation
Instead of introducing an optical delay, as proposed in the previous section, the
frequency dependent phase response ϕ(fCE) in the feed-forward type stabilization
can also be addressed by a much easier to implement electronic compensation. This
can be achieved by either active or passive means.
For an active compensation technique, the current beat frequency is monitored
with an electronic frequency-to-voltage converter, the output voltage of which is
then used to control the phase of the electric signal with an RF phase shifter. Given
that the error voltage is properly mapped to the phase interval of the phase shifter,
the corrected AOFS driver signal will no longer show the fCE dependent phase
response. Of course, the active electrical components possess an intrinsic response
time, which is why fCE jitters can only be corrected up to a certain bandwidth in the
kilohertz range. Besides the discussed compensation technique, the employment of
an adjustable RF phase shifter opens an additional possibility, i.e., the integration
of a further CEP stabilization feedback loop for a low-repetition amplifier system
that works without any side-effects on other laser parameters.
Another elegant way of compensating the frequency dependent phase response is
given by a completely passive scheme, which extrapolates the phase of the currently
measured beat signal to the instant of time at which the interaction with the
optical frequency comb takes place. Assuming that the total delay of the error
signal amounts to ∆t = 1µs, one has to artificially age the beat signal exactly by
this amount of time. To perform such an extrapolation one needs the information
on how the phase has evolved within the last microsecond. Mathematically the
extrapolated phase is given by the difference of twice the current phase and the
phase from one microsecond ago
ϕ(∆t) = 2 · ϕ(t = 0)− ϕ(−∆t) (3.2.2)
= 2 · (ωCE · 0 + ϕ0)− (−ωCE∆t+ ϕ0) = ωCE∆t+ ϕ0, (3.2.3)
which implies that the beat frequency ωCE does not change within the full two
microsecond time span. In practice, the phase extrapolation therefore results in a
two times lower control bandwidth.
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Figure 3.16: Different CEP stabilization schemes. (a) True feed-forward stabiliza-
tion by optical retardation. (b) Feed-forward type stabilization with
group delay compensation. (c) Cascaded feed-forward stabilization.
(d) Feedback stabilization with an AOFS.
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The electrical realization of this mathematical operation is given by frequency
doubling of the currently measured beat signal and a subsequent mixing process
with the delayed beat signal, as it is depicted in the wiring diagram in Fig. 3.16(b).
Afterwards, the resulting mixing products are low-pass filtered to isolate the differ-
ence frequency signal at ωCE from the sum frequency signal. The electronic delay
line can be simply realized by a respective cable of several hundred meter length,
which, however, requires the compensation of the strong electrical attenuation. An
alternative delay line is given by an electro-optic transceiver, which transmits the
signal over an almost lossless optical fiber link of the necessary length.
In total the described measures provide a rather easy to implement electronic
compensation of the group delay-induced phase response in a feed-forward type
CEP stabilization. A minor issue of the described passive scheme is the reduction
of the control bandwidth by factor of two.
Cascaded feed-forward stabilization
So far different schemes have been discussed that aim at a precompensation of
the frequency-dependent phase response in a feed-forward stabilization by opti-
cal or electrical means. In contrast to that, another approach to prevent such
residual phase noise is given by the use of two successive AOFS, as illustrated in
Fig. 3.16(c). This concept is very similar to the double stabilization presented in
section 3.2.1, with the only difference being that the feedback loop is replaced by
another feed-forward stabilization. In this case, the first shifter and the first in-loop
interferometer are used to stabilize the CEP slip to a certain reference oscillator
at fref . The residual phase noise present in the stabilized output is then measured
with a second interferometer and fed to the second AOFS placed in the first diffrac-
tion order of the first shifter. Since the second shifter is constantly driven by a
beat signal at fref , the frequency dependent phase response ϕ(fCE) is not compro-
mising the CEP stability after the second shifter. This way a frequency comb with
vanishing offset is generated in which all pulses exhibit the identical field structure,
even if the frequency of the in-loop beat signal is subject to drift.
The downside of the presented scheme is that two frequency shifters and two
separate interferometers result in a more complex setup and in a reduced total
output power, due to the squared AOFS diffraction efficiency. To keep the losses
at a minimum it is mandatory to place the interferometers in the respective zero
diffraction orders, which would be wasted otherwise. A further problem could arise
from the beam pointing variations of the first AOFS that cause small lateral shifts
of the acousto-optical interaction zone in the second AOFS. Such translations of
the beam relative to the index grating would introduce new phase noise. To prevent
the appearance of such artifacts, the distance between the two successive shifters
has to be kept as small as possible.
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Feedback stabilization with an acousto-optical frequency shifter
Apart from all the feed-forward stabilization schemes presented above, an external
AOFS can also be used for a classical feedback stabilization. The feedback approach
has the advantage that the frequency-dependent phase noise does not survive within
the loop bandwidth, since the phase detection is performed only after the correction
signal has been applied. Moreover, feeding the error signal back to an external
AOFS rather than to the oscillator itself eliminates the issue of the crosstalk to
other laser parameters.
Figure 3.16(d) shows the schematic of such an extracavity feedback loop, where
the in-loop error signal is measured in the first diffraction order of the AOFS rather
than in the unaffected zero order. After phase comparison to an RF reference
oscillator, the resulting error signal is used to control a VCO, which in turn drives
the AOFS to close the loop. If one compares the present scheme to the usual
feedback loop, the combination of the electrical VCO and the AOFS is taking over
the role of the pump power modulated oscillator. A very similar feedback scheme
was used in [6] to control the relative frequency comb offset of two independent
laser sources.
Besides the remaining issues of the feedback approach, such as the limited loop
bandwidth and the difficulty to produce frequency combs with vanishing offset
frequency, the presented scheme provides a suitable stabilization technique that
is insensitive to drifts of the free-running fCE. Still, another drawback is the
reduction of the usable output power, that is caused by the in-loop measurement
in the diffracted beam.
Overview of the presented oscillator CEP stabilization schemes
A brief overview of the different stabilization schemes that have been presented
throughout this thesis and a summary of their respective advantages and disad-
vantages is provided by Table 3.2.
Apart from the regular feedback stabilization with back action to the oscilla-
tor, five other schemes have been proposed, all of which are capable of removing
the frequency dependent phase response observed in the feed-forward stabiliza-
tion. However, only the double stabilization, which combines the feed-forward
scheme with a feedback loop, eliminates the issue of beam pointing variations of
the diffracted beam, as the AOFS driver frequency is always kept constant. More-
over, the double stabilization provides a high control bandwidth, but suffers from
the crosstalk to other laser parameters. The true feed-forward scheme, on the other
hand, provides the highest possible control bandwidth, but has to deal with the
challenging optical delay line. This issue can be circumvented by the electrical
compensation of the GD, which reduces the control bandwidth by a factor two
compared to the feed-forward type stabilization. Another possibility of dealing
with the frequency dependent phase response is the cascading of the feed-forward
stabilization, which comes at the cost of a more complex setup and less optical
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Scheme ϕ(fCE) Pointing Control BW Further Issues
Feedback to laser - - 10-100 kHz Crosstalk
Feed-forward type X X 1-2MHz -
Feedback
+ feed-forward - - 1-2MHz Crosstalk
True feed-forward - X shot-to-shot Delay line
Feed-forward
+ GD compensation - X 0.5-1MHz -
Cascaded
feed-forward - X 1-2MHz Less output power
Feedback to AOFS - X 100 kHz Less output power
Table 3.2: Comparison of the key features of the different oscillator CEP stabiliza-
tion schemes presented in this thesis.
output power. Finally, the AOFS can also be employed for an extracavity feed-
back scheme, which nonetheless comes with some of the general disadvantages of
feedback loops.
The decision about which stabilization schemes after all represents the best so-
lution, depends on the actual application and on the type of laser source to be
stabilized. In particular, one has to take into account which type of crosstalk can
be tolerated and which not. Naturally, a main criterion is the achievable stabiliza-
tion performance, which still has to be experimentally investigated for the presented
further schemes. From this perspective, it remains to be seen if the proposed tech-
niques are able to keep up with the outstanding CEP stabilization performance of
the double stabilization setup, presented in section 3.2.1.
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Chapter 4
Limitations in CEP Stabilization of
Amplified Laser Systems
While the previous chapter has treated the general limitations of the CEP sta-
bilization of mode-locked oscillators, the following chapter represents a review of
the most limiting constraints for the stabilization of amplified laser systems. To
this end, the first section deals with technical issues that arise due to fluctuations
of the environmental conditions and due to noise from the pump and seed laser.
Furthermore, a new concept for a pulsed oscillator CEP stabilization is presented
that is specifically designed for seeding a subsequent amplifier, solving some of the
remaining issues of the feed-forward type stabilization. In contrast to these tech-
nical considerations, the second section covers the more fundamental limitation of
shot noise that is also present in the detection of residual CEP noise of amplified
laser pulses.
4.1 Technical CEP Noise Sources of Amplified Laser
Systems
The CEP stability of amplified laser pulses is affected by fluctuations of the same
environmental parameters that have already been discussed for the case of mode-
locked oscillators, such as air pressure, humidity and temperature. Helbing et al.
have estimated that a variation of the air pressure by 1Pa induces a change of the
CEP by 1mrad for a propagation distance of 10m [26]. Moreover, they estimated
that a 1K temperature difference of the Ti:sapphire crystal in a multipass chirped-
pulse amplification (CPA) system with an effective crystal length of 10 cm results
in a CEP change of 1.9 rad. With regard to the low repetition rates of amplifier
systems and the commonly required long-term CEP stability, such variations of
the lab environment can play a decisive role, even though shielding of the laser
system typically allows the minimization of such effects to rather slow phase drifts
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on longer time scales of minutes and hours.
For the compensation of such effects, the CEP drifts are typically measured by
spectral interferometry, see section 2.4.2, and controlled with an additional slow
feedback loop that is either combined with the control mechanism of the oscillator
stabilization [133] or with some independent second control mechanism. Frequently,
the CEP is controlled by the amount of material dispersion in the beam path with
a pair of glass wedges [134] or by the introduction of geometrical dispersion in
stretcher or compressor setups [135]. Apart from these slow mechanical feedback
mechanisms, the CEP control was also demonstrated with a programmable acousto-
optical dispersive filter (Dazzler) [136, 137], and with electro-optical modulators
[113, 138].
Next to the varying environmental conditions, fluctuations in the laser parame-
ters of the pump laser and the seed laser can strongly affect the CEP stability of
the amplified laser pulses as well. Especially the relative intensity noise (RIN) of
these lasers results in broadband CEP noise due to amplitude-to-phase coupling.
The strength of this effect can be estimated for a given laser system from the dis-
persion of the nonlinear refractive index in the laser crystal n2(ω) and the amplifier
B integral B = 2π/λ
∫
n2I(z)dz, which corresponds to the total nonlinear phase
shift that is acquired along the optical path of the amplifier.
In order to quantify the amplitude-to-phase coupling of a typical Ti:sapphire
amplifier, the nonlinear dispersion of sapphire was calculated according to the
theoretical framework described in [90]. This model is based on the connection of
the real and the imaginary part of the third order susceptibility, which is given by






α2 ((ω + Ω)/2)
Ω2 − ω2 dΩ, (4.1.1)
where α2(ω) represents the degenerate two-photon absorption (TPA) coefficient
[93, 95]. Besides the TPA, this theoretical model also includes further contributions
from the Raman-effect and the ac-Stark effect [90]. The calculated dispersion
profile, depicted in Fig. 4.1, is in good agreement with the experimental results from
[139] that have been measured with the z-scan technique described in [140]. From
these results the effective nonlinear group-phase offset coefficient is determined for
a center wavelength of 800 nm: ωc (dn2/dω)|ωc = 3.3 × 10−17 cm2/W. This value
corresponds to about 12% of the nonlinear refractive index at this wavelength:
n2(ωc) = 2.9× 10−16 cm2/W. Given the fact that the B integral in most amplifier
systems is kept on the order of 2π to prevent catastrophic self focusing and other
detrimental nonlinear effects, one can conclude that typical fluctuations of the
amplifier output power of 1% correspond to only 8mrad of phase jitter. This
estimate, however, is by far lower than the phase jitters that reportedly lie in the
range of 100-300mrad, where the actual values depend on whether the acquisition
of CEP noise uses averaging over multiple laser shots [78, 115, 138, 141].
This discrepancy can be explained to some extent by the fact that already the
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Figure 4.1: Dispersion of the nonlinear refractive index n2 of sapphire. Calculation
according to the theoretical framework presented in [90] (red line) and
experimentally determined values (black squares) taken from [139].
residual phase noise of the oscillator stabilization constitutes a major part of the
observed phase jitters. Another contribution to this mismatch is that the CEP
detection of amplified pulses is much stronger affected by amplitude noise than the
amplification process itself, due to the strong nonlinear interaction in the process of
spectral broadening that is required for the spectral interferometry measurements.
For the supercontinuum generation by filamentation in a sapphire substrate, Bal-
tuška et al. have measured that an amplitude modulation of 1% already leads to
an optical phase shift of 84mrad [115], showing that the B integral for the broad-
ening process is an order of magnitude higher than the nonlinear phase shift in
the amplifier. Besides the fact that this coupling mechanism strongly limits the
detection and the compensation of residual CEP noise, it also implies that amplifier
systems which are externally broadened, e.g., by hollow fiber compressors, suffer
from increased amplitude-to-phase coupling. If the CEP stabilization is supposed
to be maintained for such compressed laser pulses, special care has to be taken to
minimize amplitude noise from the pump and seed lasers to the extent possible.
Another source of CEP noise that is stemming from the pump and seed lasers
are slow variations of the beam pointing, which couple to the CEP either indirectly
by influencing the laser power via changes in the alignment or by geometrical
effects in dispersive elements. In the stretcher and compressor sequences of CPA
systems such beam pointing variations can strongly affect the dispersion and thus
the CEP stability, especially for compressor/stretcher designs that make use of
imaging optics. It has been reported that beam pointing variations must not exceed
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the few-µrad range in such systems in order to preserve the CEP stability [26, 142].
Moreover, it should be mentioned that also the self-refraction at the Brewster-cut
Ti:sapphire crystal induces a power dependent beam steering effect, which results
in a complex mutual interplay of power fluctuations and beam pointing variations.
It has been discussed in section 3.2 that all of the presented feed-forward type
stabilization schemes suffer from beam pointing variations of the diffracted output
if the frequency of the AOFS driver signal is subject to drift. For the AOFS
used in the presented oscillator stabilization experiments, this frequency dependent
steering effect is as strong as 67µrad/MHz, showing that seeding of a subsequent
amplifier requires an additional feedback loop to lock the CEP slip to a reference
frequency, as it was demonstrated by the double stabilization scheme in section
3.2.1. In the next section a new beneficial concept for the CEP stabilization of
oscillators will be presented that is specifically designed for seeding an amplifier
with short bursts of CEP stabilized pulses at the reduced amplifier repetition rate.
This new concept is capable of removing the beam pointing issue without any
feedback to the oscillator.
4.1.1 Acoustic Frequency Combs
Next to the previously discussed issue of beam deflections in the feed-forward type
CEP stabilization of a free-running oscillator, a further issue arises if the CEP
slip and with it the frequency of the AOFS driver signal is drifting too far from
the optimal working point. Eventually, for a shift of fCE by several MHz, the
bandwidth of the used RF filters or even the bandwidth of the frequency shifter is
exceeded, and a drop in the diffraction efficiency is observed.
These issues of the feed-forward scheme are now addressed by a novel concept for
oscillator CEP stabilization that is virtually immune against a drifting beat signal
and provides further advantages for the use with an amplifier system. The main
idea behind this new concept is that it is not necessary to stabilize the CEP of
every single oscillator pulse due to the reduced repetition rate of the amplification
stage. In fact, it is already sufficient if the CEP is repeating every Nth pulse, if N
is the ratio of the oscillator and the amplifier repetition rate: famp = frep/N . To
achieve this condition the driver signal of the AOFS has to be of the form:
fAOFS = fCE +mfamp m ∈ N. (4.1.2)
This way the offset of the stabilized frequency comb is a multiple integer of the
amplifier repetition rate and the value of the CEP is recovered exactly after N
consecutive oscillator pulses. It is crucial for the present stabilization scheme that
the same result is achieved for every superposition of these driver frequencies as
well. In practice, this allows to drive the AOFS with a narrowly spaced electrical
frequency comb, described by (4.1.2).
The technical implementation of this stabilization scheme is illustrated in the
schematic wiring diagram in Fig. 4.2. At first, the amplifier timing unit is used
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to trigger the generation of very short electrical pulses with very steep rising and
falling edges (< 1 ns) at the reduced repetition rate famp. As indicated by the
subplot (1) in the right column of Fig. 4.2, these pulses correspond to a broad and
narrowly spaced electrical frequency comb with a nearly constant spectral envelope
over a wide frequency range. This frequency comb is filtered and shifted by the in-
loop beat signal fCE via multiplication in a mixer, yielding a new frequency comb
of the form (4.1.2). Another bandpass filter centered around the optimal working
point of the AOFS (fBP) is then used to select some lines of the new frequency
comb for driving the shifter with short electrical wave-packets that are repeated at
the amplifier repetition rate famp, see also location (3) in Fig. 4.2. Inside the AOFS
these transient signals are converted into acoustical wave-packets, which can also
be seen as an acoustic frequency comb. For every trigger event the interaction with
the optical frequency comb gives rise to the diffraction of a short burst of oscillator
pulses. Characterization of these optical pulses is performed with an out-of-loop
f -2f interferometer, which detects the transient beat signals at the frequency
fCE,OOL = (fCE,IL − fBP) mod frep. (4.1.3)
Even though the CEP is still slipping from pulse to pulse at a rate that equals the
frequency of the out-of-loop beat signal, see also subplot (4), the CEP is repeating
every N oscillator pulses, which is observed as a constant phasing of the transient
beat signals from one burst to another.
One major advantage of this pulsed stabilization scheme is that regardless of
how far the beat signal fCE is drifting over time, there will always be some lines of
the synthesized frequency comb covering the spectral region around fBP at which
the frequency shifter is operated. Accordingly, a driver signal with a steady signal
level and thus also a constant diffraction efficiency can be maintained as long as
the “real” beat signal is not interfering with the mirror beat, see also subplot (2) in
Fig. 4.2. This ambiguity ultimately limits the amount of drift that can be tolerated
to frep/2. Another advantage of the new concept is that the carrier frequency of
the acoustic wave-packets is kept constant due to the fixed bandpass filter in front
of the AOFS. In fact, it is only the phase of the electrical transients that is adjusted
by probing the in-loop beat signal with the short electrical gate pulses. As a result,
the diffraction angle of the first diffraction order is invariant, which removes the
issue of beam pointing variations in the shifter-based stabilization scheme.
Apart from the increased immunity against a drifting beat signal, the pulsed
operation also lessens the thermal load of the AOFS by reducing the overall average
RF power. Depending on the actual duty cycle of the electrical wave-packets, the
usually very high average RF power of 5-10W in the continuous mode can be easily
reduced a hundred or even a thousand times, thereby eliminating the need for active
cooling and alleviating the risk of a thermal damage. Potentially, the gained safety
margin can be exploited to drive the shifter with even stronger electric signals to
further increase the diffraction efficiency.
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Figure 4.2: Left column: schematics. ÷N : frequency divider. AOFS: acousto-optic
frequency shifter. DSO: digital sampling oscilloscope. Middle column:
voltage vs. time at four different locations in the signal processing
chain. (1) trigger pulse after pulse generator. (2) in-loop beat signal.
(3) AOFS driver signal. (4) out-of-loop beat signal. Right column:
corresponding RF power spectra.
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Although not shown in the schematic in Fig. 4.2, it is also feasible to perform
the in-loop fCE measurement in the otherwise unused zero diffraction order of the
AOFS, which is particularly beneficial for the pulsed scheme. At the instant of
time when the AOFS driver signal is synthesized, the full oscillator power is still
available in the zero diffraction order for the CEP detection, as no optical power
is diffracted yet. The resulting strong light levels in the nonlinear interferometer
guarantee the best possible S/N of the beat signal, as it was discussed in section 3.1.
Only when the acoustic wave-packet reaches the interaction zone, the major part of
the power is switched to the first diffraction order to seed the subsequent amplifier
with CEP stabilized laser pulses. This switching is then repeated back and forth
at every trigger event, enabling optimized power levels for both the in-loop CEP
detection and the actual application.
Experimental Verification
The experimental verification of the pulsed stabilization scheme was performed in a
collaboration of the Max-Born-institute and Femtolasers Produktions GmbH. The
proof-of-concept experiments have been conducted together with Fabian Lücking
and the results were commonly published in [143].
The CEP stabilization setup is based on a commercial Ti:sapphire oscillator
(Femtolasers, Rainbow) that provides about 300 nm broad spectral content at a
repetition rate of frep = 73MHz. This broad initial spectrum allows the measure-
ment of the in-loop beat signal with a very stable monolithic 0 -f interferometer,
which performs the spectral broadening and the DFG in the same nonlinear PPLN
crystal, as it was described in section 3.1.1. Due to the lack of a second monolithic
interferometer, the out-of-loop beat signal is characterized with a classical fiber-
based f -2f interferometer that has already been used in previous experiments [95].
In order to circumvent the difficulty of aligning the out-of-loop interferometer in a
pulsed mode, the beat signal was first optimized in a continuous mode before apply-
ing the new signal synthesis scheme. This enabled 40 dB and 50 dB S/N (100 kHz
RBW) of the in-loop and out-of-loop beat signals, respectively.
For the electrical signal synthesis, the reduced repetition rate of a virtual ampli-
fication stage was deduced from the oscillator repetition rate frep with a variable
frequency divider (÷N), which allowed the variation of famp in the range from
5,200Hz to less than 1Hz. Next, a pulse generator (SRS DG535) is used to pro-
duce steep rectangular pulses of 30 ns length, which are then mixed with the in-loop
beat signal in a double balanced mixer. The filtering of the electrical frequency
comb is performed with a narrowband 300 kHz surface acoustic wave (SAW) band-
pass filter centered around fBP = 85MHz at the optimal driver frequency of the
AOFS. The advantage of this narrow bandpass filter is the generation of rather long
electrical transients with a duration of more than 3µs, simplifying the phase re-
trieval from the recorded transient out-of-loop beat signals. Moreover, SAW filters
possess very low temperature coefficients in the ppm/K range, which lead to very
stable center frequencies, thus reducing beam-pointing variations to a minimum.
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The resulting out-of-loop beat signals are recorded with an oscilloscope (R&S
RTO 1014) in memory segmentation mode, making it possible to use the internal
memory most efficiently by pausing the data acquisition in between the individual
transients. This way more than 18,000 consecutive transients can be recorded
in a single measurement, which allows monitoring the evolution of the CEP over
3.5 s, given that the amplifier repetition rate is set to famp = 5.2 kHz. In Fig. 4.3
histogram plots of such out-of-loop measurements are displayed for different beat
frequencies, where the histogram information is encoded in the color scale. The
measurements depicted in Fig. 4.3(a-c) show clear sinusoidal signals with only little
apparent phase jitter, where the beat frequency has been massively varied by more
than 10MHz. From these results it becomes evident that the scheme is capable
of sustaining the CEP stability also for free-running oscillators with unfavorably
strong fCE drift. The measurement presented in Fig. 4.3(d) serves as a crosscheck,
demonstrating that the replacement of the in-loop beat signal by an unrelated local
oscillator results in the loss of CEP stability.
Due to the fact that the stabilization scheme relies on a fixed AOFS driver
frequency, the diffracted out-of-loop beat signal shows the same frequency drift
as the in-loop signal. In combination with the inevitable GD of the correction
mechanism that has already been discussed in the previous chapter, a variation
of fCE causes additional phase noise. Solely at zero delay, i.e., the instant of the
electrical gate pulse, the phase is immune against such frequency drift. However,
operation at this point would require an instantaneous correction mechanism or
some electronic compensation of the phase lag, as discussed in section 3.2.2. It is
found that the longer the GD of the correction mechanism is, the stronger drifts of
the fCE transfer into CEP noise, see also Eq. (3.2.1).
This contribution to the overall phase noise can now be identified in the mea-
surements depicted in Fig. 4.3(a-c). To this end, the slip of the CEP within the
individual segments ϕ(k)CE(∆t) is retrieved via the Takeda algorithm [128]. From this
data the CEP jitter δϕCE can be plotted as a function of the GD, as it is shown in
Fig. 4.3(e) based on the measurement from Fig. 4.3(b). The plot clearly reveals a
linearly increasing phase jitter, which is extrapolated to zero delay. This way the
overall phase jitter is decomposed into two contributions: On the one hand, there
is the noise contribution at zero delay, which represents the ultimate stabilization
performance of the present scheme. This limit is determined by detection noise and
is found to be δϕ0 ≈ 50mrad. On the other hand, the noise of the beat signal fCE
induces a linearly increasing component, which according to Eq. (3.2.1) is given by
2πδfCE∆t.
These findings highlight again that it is important for a practical application of
the present stabilization scheme to reduce the delay in the correction mechanism to
the extent possible. In the present proof-of-concept experiment the GD is mainly
caused by the used narrowband SAW filter, which was employed to facilitate the
out-of-loop CEP detection by the generation of rather long acoustic transients.
These long transients, however, are not necessary in real-life applications, where
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Figure 4.3: (a-d) Histogram plots of 18,462 out-of-loop transients measured at
famp = 5.2 kHz for different beat frequencies. Histogram informa-
tion is encoded in the color scale. Measured beat frequencies: (a)
fCE,OOL = 3.3MHz, (b) 6.7MHz, (c) 13.5MHz, and (d) 11.7MHz. In
(d) the in-loop beat signal was replaced by an unrelated local oscillator.
(e) rms phase jitter vs. delay as measured in (b). Dashed line: linear
fit to measured data.
73
4 Limitations in CEP Stabilization of Amplified Laser Systems
the diffracted output is used to seed an amplifier. In the standard configuration
the total GD of the commercial CEP stabilization module (CEP4, Femtolasers) is
only 400 ns, which already converts into < 100mrad residual phase jitter for the
measurement in Fig 4.3(e). Such noise levels compare rather favorably to other
kilohertz CEP detection schemes [78].
To further analyze the different noise contributions in the new stabilization
scheme, both noise contributions are separated in the retrieved phase data of every







CE∆t, k = 1 . . . 18, 462, (4.1.4)
where ϕ(k)0 and f
(k)
CE are determined from linear regression. The temporal evolu-
tion of the CEP at a specific group delay (∆t = 2µs) of all segments is plotted in
Fig. 4.4(a), where the mean phase has been subtracted (black trace). The phase
variations due to deviations from the mean beat frequency are plotted for com-
parison (red trace) in accordance with the second term in Eq. (4.1.4). It is found
that both traces exhibit very similar features and show the same trend, which is
indicative of a strong correlation and leads to the conclusion that frequency drift
is a dominant noise source.
For further insight, a Fourier analysis of the different noise contributions was
performed. The phase noise density depicted in Fig. 4.4(b) indicates a near-perfect
agreement between the total phase noise and the frequency-drift-induced phase
noise below 20Hz, corroborating strong correlation on this time scale. At higher
frequencies, however, the noise densities exhibit a nearly constant noise floor, which
is determined by the detection limit of the present measurement scheme (∼ 2 ×
10−3 rad/
√
Hz). The noise floor is only interrupted by a broad noise band in the
acoustic region at a few 100Hz and by a rather narrow noise band centered around
20Hz that was found to be induced by the laboratory air conditioning system.
These features show up as small steps in the integrated phase noise, plotted in
Fig. 4.4(c). Reducing the impact of such noise features, e.g. by replacing the
fiber-based out-of-loop f -2f interferometer by a less noise susceptible second 0 -f
interferometer, could help to minimize the measured overall phase jitter, which was
determined to be 190mrad at this specific group delay (∆t = 2µs). Given that
the phase jitter accumulated from the fCE noise already amounts to ∼ 120mrad
clearly opens a path towards sub-100mrad overall CEP jitters, provided that the
total GD is reduced in further experiments.
Alternatively, the concept of the acoustic frequency comb can also be combined
with one of the techniques presented in section 3.2.2 to compensate the effect of
the GD either by electronic or optical means. Finally, the noise due to the non-
instantaneous correction mechanism is also prevented if the beat signal is stabilized
with an additional feedback loop, which, however, removes the advantage of leaving
the oscillator untouched.
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Figure 4.4: Phase noise analysis at the GD ∆t = 2µs for an acquisition rate
famp = 5.2 kHz. Black traces: total measured phase noise; red traces:
noise induced by fCE drift. (a) Temporal phase evolution over 18,462
segments. (b) Single-sided phase noise density. (c) Integrated phase
noise vs. frequency.
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In order to prove the versatility of the new concept, it is demonstrated that the
pulsed stabilization scheme is applicable to virtually any amplifier repetition rate.
To this end, the CEP stabilization was repeated at a rather low repetition rate
of famp = 2.5Hz. From a time domain perspective the only difference to higher
repetition rates is that the in-loop beat signal is gated by the electrical pulses
less frequently. As a positive side-effect, the overall acquisition time for a single
measurement could be extended to several hours. Figure 4.5 shows the analysis in
the same fashion as before for a CEP stabilization measurement of 60minutes. The
ten minute data subset that is is depicted in Fig. 4.5(b) reveals again the strong
correlation of the two noise traces. The overall integrated phase noise at the GD
∆t = 2µs is 370mrad, where the noise from fCE drift alone amounts to 300mrad.
These results illustrate that sub-100mrad phase jitters are also within reach for
the long-term operation of low-repetition amplifier systems. Similar results have
been achieved for repetition rates in the sub-Hz regime.
Outlook
It should be noted that apart from the above discussed straightforward measures
to optimize the stabilization performance of the acoustic frequency comb concept,
the CEP stabilization can in principle be performed in the same fashion with a
collinear acousto-optic device (Dazzler), which is used in many commercial CPA
systems as a programmable acousto-optical dispersive filter [136]. The working
principle of this device is very similar to the presented pulsed scheme, as it also
generates short acoustical transients that directly influence the optical phases of
the diffracted pulses. By adapting the demonstrated signal synthesis scheme to the
Dazzler hardware, an AOFS is no longer required to implement a CEP stabiliza-
tion in such a system, which reduces the complexity and the costs of the optical
setup. Furthermore, due to the feed-forward character of the proposed stabiliza-
tion scheme, no interference is expected if the Dazzler is used simultaneously for a
slow feedback loop to compensate residual phase jitter behind the amplifier. Such
detrimental effects can occur when two feedback loops act on the same control
parameter.
Another promising prospect is that the presented pulsed CEP detection scheme
provides the unique possibility to identify the CEP noise contributions that are
introduced by the amplification process itself if the detection scheme is combined
with conventional CEP detection after the amplifier [77, 81]. The methods revealed
in this section may therefore help to improve the understanding of the underlying
physical limiting mechanisms for the CEP stabilization of amplifier systems.
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Figure 4.5: Phase noise analysis at the GD ∆t = 2µs for an acquisition rate
famp = 2.5Hz. Black traces: total measured phase noise; red traces:
noise induced by fCE drift. (a) Temporal phase evolution over 9,158
segments. (b) 10min subset of the phase evolution. (c) Single-sided
phase noise density. (d) Integrated phase noise vs. frequency.
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4.2 Shot Noise Limitations in Spectral Interferometry
As has been discussed in the previous chapter about oscillator CEP stabilization,
the optical shot noise represents a fundamental barrier for the precision of the CEP
detection, which exists even for a hypothetical laser that is free of any technical
amplitude noise. Next to this inevitable consequence of the statistical properties
of light, there are more limitations due to the electro-optic conversion in the light
detector, which are most dominant under extreme low light conditions. In order to
quantify the impact of these limiting constraints on the amplifier CEP stabilization,
the CEP measurement via spectral interferometry is numerically investigated in
section 4.2.1. Minimizing such effects by an optimization of the supercontinuum
generation process is then subject of section 4.2.2.
Under the impression of the discussion about the light level dependence of the
oscillator stabilization, it appears puzzling at first sight that shot noise can play
a role in CEP stabilization of amplified laser pulses. CEP detection on a shot-
to-shot basis should be readily feasible, as these laser sources typically provide
pulse energies on the order of 1mJ, which translate into photon numbers of about
1016. Nevertheless, most of the different variants of CEP detection schemes that
have been proposed [76–78] suffer from the same bottleneck as oscillator CEP
detection, i.e., the efficiency of the supercontinuum generation. Given that the
spectral broadening is mostly done in solid materials [97, 144], only a rather small
fraction of the total pulse energy, about 100 nJ, can be effectively used as the critical
power sets an upper limit before multifilamentary break up and crystal damage
[145] will occur, see Eq. (2.4.14). The subsequent nonlinear conversion of a narrow
wavelength interval at the spectral edge further reduces the number of photons
typically to some 104, which is only about one order of magnitude more than in
optimized oscillator scenarios. The difference to those rf heterodyning techniques,
however, is that the spectral fringe pattern is detected with a pixel-based detector
at the output of a spectrometer at a much lower repetition rate.
4.2.1 Numerical Simulation of CEP Detection Noise
In order to systematically investigate the different contributions to the CEP detec-
tion noise, the impact on the phase retrieval is first confined to the effect of pure
optical shot noise, before the simulations are extended to typical detector noise
levels of a one dimensional CCD sensor.
The numerical simulation of the CEP measurement with a spectral interference
pattern is based on the amplitude-modulated time series Eq. (3.1.2) that has al-
ready been used for the simulation of RF heterodyning, with the only difference
being that each element N(k), k ∈ N now represents the number of photons that
fall on one individual detector-pixel at the output plane of a spectrometer. For
simplicity a perfect fringe contrast was assumed, corresponding to balanced light
levels of the interfering spectral components. After adding Poissonian noise with
the spread
√
N(k) to the interference pattern, the next step is the read-out of the
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fringe position, which enables the CEP retrieval except for the unknown interfer-
ometer phase.
Under experimental conditions, the phase extraction is usually done by FFT-
based algorithms, which, however, require a fast data processing environment to
minimize the latency of the phase retrieval, especially if an error signal is needed
for an additional feedback loop. In fact, it is very challenging to perform the
digital phase retrieval in real-time on a shot-to-shot basis at multi-kHz repetition
rates, which is why analog signal processing schemes have been developed [78].
The digital phase extraction, though, can be made far more efficient, if only the
phase of the Fourier component at the previously determined fringe period is cal-
culated, which has been used in the presented numerical simulations.
To this end, the fringe pattern is spatially integrated after numerically mixing it
with a reference signal at the desired fringe period, similar to lock-in detection in









where fk is the spatial fringe frequency. The angle in the plane of these two
orthogonal coordinates ϕ = tan−1(Y/X) then yields the phase of the fringe pattern.
The described phase detection is then repeated a thousand times in order to get
statistical results on the shot-to-shot phase jitter.
The numerical calculations show that in the presence of pure shot noise the
determined phase jitter is independent from the number of pixels L that are used for
the detection. In fact, it is solely the total number of detected photonsNtot = 〈N〉·L
that determines the shot noise induced phase jitter. The numerical results are
illustrated as black squares in Fig. 4.6. Given that a hundredfold phase jitter
reduction from ∼100mrad to ∼1mrad is observed if the number of photons is
increased by four orders of magnitude from one hundred to one million, one finds
the characteristic 1/
√
Ntot noise scaling that is expected for pure optical shot noise.
Averaging over multiple pulses by increasing the integration time of the detector
can simply be interpreted as a higher total number of photons, which leads to
an accordingly lower shot noise induced phase jitter. Under practical conditions,
though, one has to be aware that it is generally impossible to unveil the true shot-
to-shot phase jitter from an averaged measurement, as the spectral distribution of
noise can be very different in the presence of technical noise.
While the number of detector pixels could be neglected for the case of pure
optical shot noise, it does play a role if the noise from the detector is considered. It
is assumed in the following that the detection of the spectral fringe pattern in the
relevant narrow wavelength interval is performed with one hundred pixels (L = 100)
of a one dimensional CCD sensor. Under low light conditions the detection noise
of an individual CCD pixel consists of the previously discussed optical shot noise,
the electrical noise of the dark current and the so called read-out noise. While the
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Det. noise 100 e− rms
Det. noise 32 e− rms
Det. noise 10 e− rms
Shot noise
L = 100Pixel
Figure 4.6: Numerically simulated detection noise induced phase jitter in a spectral
interferometry detection scheme. Simulations include pure optical shot
noise (black squares) as well as different levels of CCD-pixel read-out
noise (colored symbols). Total number of incident photons refers to the
sum over L = 100 pixels.
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latter is caused by thermal noise in the electrical read-out circuits and the output
amplifiers, dark noise is governed by the same physical characteristics as optical
shot noise, but is determined by the number of electrons that are generated in the
dark state when no light falls on the detector. In contrast to the optical shot noise,
the strength of both noise sources is independent from the illumination. In fact, the
only way to lessen the corruption by dark noise is a reduction of the dark current
itself, which can be achieved via cooling of the detector. By doing so, the dark
noise can be minimized below the level of the read-out noise, which thus represents
the ultimate noise limit of a CCD sensor. Evaluating the specifications of fast
(kHz acquisition) one dimensional CCD sensors that are designed for spectroscopic
applications, one finds that typical read-out noise figures are on the order of some
ten electrons (rms) per pixel and frame. Due to the very high quantum efficiencies
of modern CCD sensors in the visible region, which can be as high as 90%, the
absolute noise figures given in electron numbers are directly comparable to those
given in photon numbers.
In the numerical calculations different detector noise levels between 10 and 100
electrons/photons (rms) have been added to the optical shot noise to monitor the
resulting phase jitter scaling for different grades of detector noise corruption, which
is shown by the colored data sets in Fig. 4.6. The outcome for the considered situa-
tion of one hundred illuminated CCD-pixels is that in the region of 106 photons, all
the considered read-out noise levels are negligible, whereas the spread of the indi-
vidual cases becomes significant at some 104 photons. In practice, these are typical
light levels that are observed when supercontinuum generation in solid materials
is applied. In this region it is mandatory to limit the rms read-out noise to ∼ 10
electrons, in order to achieve a nearly shot-noise limited detection process. Other-
wise the detection process itself can easily give rise to ∼ 100mrad of phase jitter.
For even lower light levels, the overall detection noise is strongly dominated by
the read-out noise and eventually the high phase jitters are indicative of a random
phase, rendering the phase retrieval virtually impossible.
Besides the optimization of the available photon numbers, which will be thor-
oughly discussed in the next section, the impact of the detection process on the
phase jitter can only be minimized by using cooled and therefore less noisy CCD
sensors, or by confining the same amount of light onto a lower number of pixels.
The most extreme realization of the latter approach was reported in [78], where
one spectral fringe was mapped onto two separate photo multipliers. These detec-
tors, however, suffer from a lower quantum efficiency than optimized back-thinned
CCDs, which is at best on the order of 40% in the short-wavelength visible region.
4.2.2 Optimization of Spectral Interferometry
The discussion on the light level dependence of the detection noise induced phase
jitter has revealed that the CEP detection can be strongly corrupted even at am-
plifier pulse energies. For this reason, the optimization of the supercontinuum
generation process as well as the subsequent nonlinear frequency conversion are
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investigated in the following. Since there are many different materials that can be
applied for both processes, the following calculations are supposed to provide some
orientation on which materials are best suited to perform these tasks. At first, the
optimal SHG crystal for an f -2f interferometer is identified, whereupon the finding
is used to calculate the photon yield of the frequency doubled light that can be
expected from supercontinua generated in various solid and gaseous materials.
Comparison of SHG crystal performance for f-2f interferometry
Based on the expression for the filament-based spectral broadening, Eq. (2.4.17),
it is found that for a typical Ti:sapphire center wavelength the asymmetric spec-
tral broadening gives rise to an octave-spanning spectrum spanning from 550 to
1100 nm. While this basic analytical model is derived under the assumption of a
constant pulse shape, Yang and Shen [96] show that the broadening is even more
pronounced on the anti-Stokes side if self-steepening is taken into account. For a
Ti:sapphire system, the subsequent frequency doubling in an f -2f interferometer
is thus typically done at 1060 nm or at even shorter wavelengths. A more de-
tailed simulation of the filament-based spectral broadening requires sophisticated
modeling [146], which, however, is beyond the scope of the present considerations.
For the phase-matching of the nonlinear crystal, one can choose between critical
and non-critical phase matching as well as quasi-phase-matching (QPM). Certainly,
the most widely-used crystal for the present application is beta barium borate
(BBO) that is critically phase-matchable at room temperature for 1060 nm [147].
Non-critical phase matching at this wavelength can be achieved with lithium trib-
orate (LBO) at 427K, and finally quasi-phase matching is done with a periodically
poled magnesium-oxide-doped lithium niobate crystals (MgO:PPLN [148]) having
a poling period of 6µm and which is operated at 450K.
In order to identify which one of these SHG crystals performs best at this spe-
cific wavelength, the SNLO software package1 [149] was employed to calculate the
output energy of the second harmonic. An LBO crystal of 10mm length, sup-
porting a phase-matching bandwidth of 3.8 nm at 1060 nm, serves as a reference
in the following [78]. Due to the different acceptance bandwidth per unit length
∆λ, the lengths l of the other crystals were chosen accordingly to support the same
bandwidth, thus ensuring the comparability of the results. These values are listed
in Table 4.1 together with the respective nonlinear conversion efficiencies deff and
the normalized pulse energies of the second harmonic generation ESHG provided
by the SNLO software. For the calculations an input pulse energy of 10 pJ and a
Fourier-limited pulse duration of 430 fs were assumed. Furthermore, the different
crystal sizes made it necessary to thoroughly optimize the focusing geometry for
each crystal, starting from a geometry with the focus at the center of the crystal.
Table 4.1 shows that LBO is the crystal with the highest acceptance bandwidth
1SNLO nonlinear optics code available from A. V. Smith, AS-Photonics, Albuquerque, NM,
(http://www.asphotonics.com/snlo).
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Crystal ∆λ (nm/cm) l (mm) deff (pm/V) ESHG
LBO @ 427.2K 3.8 10 0.85 1
BBO @ 293K 1.9 5.0 2.01 0.49
PPLN @ 450K 0.2 0.45 16.0 7.7
Table 4.1: Normalized energy of second harmonic radiation generated by crystals
employing different phase-matching techniques, plus an overview of the
crystal parameters entering the calculation with the SNLO package. All
crystals support the same phase-matching bandwidth of 3.8 nm centered
at 1060 nm.
per length, while it has the lowest conversion efficiency. In comparison, BBO has
only half the acceptance bandwidth but exhibits a more than two times higher con-
version efficiency. What renders BBO unfavorable,though, is the spatial walk-off of
56mrad between the fundamental and second harmonic, which leads to a more than
50% lower energy output compared to LBO. The MgO:PPLN crystal has by far the
highest conversion efficiency, almost 20 times higher than LBO, while the opposite
is the case for the acceptance bandwidth. Because of the latter MgO:PPLN crys-
tals as tiny as 0.4mm have to be used to support the same bandwidth, and very
hard focusing is necessary to obtain the maximum efficiency. Theoretically, the
efficiency can be several times higher than that of LBO, but practically the in-
tensities under these circumstances would greatly exceed the damage threshold of
the MgO:PPLN crystals, given that the entire supercontinuum, containing several
orders of magnitude more energy, is propagating along the radiation in the phase-
matching interval. A potential work-around to this problem could be to filter the
spectral content around 1060 nm to reduce the irradiance and to use a non-collinear
interferometer topology to reestablish the spatial overlap with the fundamental ra-
diation at 530 nm. This measure, however, would increase the complexity of the
setup and make the benefit from using QPM instead of non-critical phase-matching
questionable. For this reason, the logical choice for the most viable way of SHG is
a non-critical phase matched LBO crystal.
Optimization of supercontinuum generation
After having identified LBO as the most practical SHG crystal, the SNLO software
package will be used again in the following to calculate the number of photons that
are available for CEP detection after spectral broadening in different materials
and subsequent SHG in a 10mm LBO crystal. These results will help to decide
which material is best suited for supercontinuum generation at which available
pulse energy and moreover provide an estimate on the resulting detection noise
induced phase jitter.
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Material n0 n2 (m2/W) ESC (J) εSHG N
LiF 1.39 9.0e-21 3.1e-7 4.0e-3 3.3e+5
SiO2 1.47 2.1e-20 1.2e-7 1.5e-3 5.0e+4
Al2O3 1.8 2.9e-20 7.4e-8 9.5e-4 1.9e+4
Ar (1 bar) ≈ 1 1.0e-23 3.8e-4 0.69 7.0e+10
Xe (2 bar) ≈ 1 1.2e-22 3.2e-5 0.27 2.3e+9
Table 4.2: Number of photons available for CEP detection based on supercontin-
uum generation of a 40 fs pulse in a selection of solid and gaseous media
and subsequent SHG in a 10mm LBO crystal.
As it has been discussed above, the critical power Pcrit, see Eq. (2.4.14), sets an
upper limit for the pulse energy that can be used for spectral broadening. Assuming
a modest pulse duration of 40 fs, one yields the pulsed energy ESC that is contained
in a filament at P ≈ Pcrit. These energy levels can be found in Table 4.2 for a
selection of crystalline and gaseous media. The efficiency of the supercontinuum
generation εSC is given by the ratio of the energy contained in the phase-matching
bandwidth and the total energy ESC. This efficiency is estimated to be on the order
of 10−4 in fair agreement with experimentally measured supercontinua [97]. The
energy that is available for the frequency doubling is then given by ESCεSC, serving
as the input pulse energy for the SNLO software. After optimization of the focusing
geometry for each case, the number of converted photons that are available for CEP
detection reads N = ESCεSCεSHG/~ω, where εSHG is the determined efficiency of
the frequency doubling. The results for the different media are listed in Table 4.2.
The energy levels of the filaments in solid materials, which are on the order of
100 nJ allow for SHG efficiencies of several 10−3, leading to light levels ranging
from 104 up to some 105 photons. Given that a lot of assumptions entered the
equation, the calculated 19,000 photons for sapphire (Al2O3) agree fairly well with
the experimentally measured 32,000 photons reported in [78]. However, it has to
be straightened out that these numbers are not directly comparable, as the latter
number includes both fundamental and frequency doubled photons. Generally,
it is found that a lower linear and nonlinear index of refraction leads to higher
photon numbers in the generated f -2f output signal. For a given input peak
power P̂ ≈ ESC/τ , the following simple relationship (solid line in Fig. 4.7) can be
used to estimate the nonlinear index of refraction
n2 = 7.4× 10−10cm2/P̂ (4.2.2)
that leads to octave broadening with the highest possible number of photons. As
indicated in Fig. 4.7 it is often difficult to fulfill Eq. (4.2.2) with available materi-
als. Most oscillators only deliver a few nanojoules of pulse energy, which requires
using materials with extremely high n2, such as LiNBO3 or KTP [139] for efficient
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spectral broadening in a bulk material. Exploiting the highly efficient soliton fis-
sion mechanism in the fiber geometry is the only viable alternative for oscillators
[150]. More importantly, there is a pronounced gap of convenient materials in the
range from 0.2 to 30µJ, which can only be circumvented by high-pressure gas cells
[151, 152] or by the use of liquefied gases. Finally, using sapphire or other solid
dielectric materials as the broadening medium does not appear to be the optimal
choice for kHz amplifier systems. Significantly higher S/N appear to be in reach
if suitable media in the gap region of Fig. 4.7 can be found. Such media should
readily enable single-shot CEP detection schemes with residual phase jitters of a
few 10mrad or even below.



























Figure 4.7: Ideal nonlinear refractive index n2 to obtain octave-spanning supercon-
tinuum generation for a given input pulse energy ESC and a τ = 40 fs
pulse duration. Black circles and squares correspond to the gaseous
and solid media from Table 4.2, respectively. The solid line represents
a fit according to Eq. (4.2.2).
If the SHG step is factored in one observes that, at low SHG efficiencies, the
photon number N scales simply as (1/n0n2)2. For gaseous media, however, the
efficiencies are already so high that depletion becomes important and that the
scaling behavior starts to deviate. In conclusion, one gets a similar result, as it
was derived in section 3.1.2 for oscillators, that a lower nonlinearity yields a better
S/N and therefore less shot noise-induced phase jitter. On the other hand, this
improved immunity against shot noise comes at the price of a lower output power,
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as all the energy that is used for CEP detection is lost for the actual application.
Therefore the decision about which material is best suited depends on how much
pulse energy can be spared for CEP control.
Considering only crystalline materials for the spectral broadening process, the
calculations show that LiF is the best choice [97], theoretically allowing for photon
levels that lead to phase jitters in the single mrad region. Of course, in practice, real
phase jitters will be somewhat higher, simply due to non-ideal frequency doubling
conditions, losses in the optical setup and due to a limited detection efficiency.
The photon levels for supercontinuum generation in noble gases are several orders
of magnitude higher, making the issue of shot noise in CEP detection negligible.
However, for typical amplifier systems that deliver on the order of 1 mJ pulse
energy, it is not favorable to spare almost 40% of this energy for CEP detection,
e.g., as required in argon. In this case the best compromise is xenon, the noble gas
with the highest nonlinearity, at a high pressure, so that only a few percent of the
pulse energy have to be used, while shot noise still plays a negligible role.
However, apart from the considerations on the achievable light levels, one also
has to take into account that broadening in bulk materials typically provides more
stable output spectra than filamentation in gases, which is suffering from fluctua-
tions due to gas dynamics. In fact, recent publications on femtosecond filamenta-
tion [153–155] give experimental and theoretical evidence for extremely long-lasting
hydrodynamical and thermal effects that even play a role at rather low sub-kHz
repetition rates.
In conclusion, the discussion of the supercontinuum generation process of am-
plified laser pulses shows which materials can be employed to achieve the highest
possible light levels in the interferometer detection front-end. Furthermore, a very
useful outcome of the analysis is the estimate of how much pulse energy is neces-
sary to realize the CEP detection for a given material. Based on the available pulse
energy for a given laser system, these results should allow making a decision about
the most practical supercontinuum generation media. Even though the list of con-
sidered materials is not exhaustive, it does provide an idea of the required crystal
properties, in particular the desired nonlinear refractive index. It was shown by
the previous discussion of the CEP detection process that any material giving rise
to photon numbers of some 105 to 106 is capable of pushing the impact of detection
noise to a negligible level. Having identified several materials that deliver such high
photon numbers implies that the fundamental limitation of detection noise can in-
deed be overcome, leaving room for further optimization of the CEP stabilization




In the present thesis, the most limiting aspects of carrier-envelope phase stabiliza-
tion were identified. It was found that the restrictions stem from both the CEP
detection process, as well as from the control mechanism used to correct the mea-
sured phase deviations. Various measures to lessen the impact of the different noise
sources were presented, addressing the stabilization of oscillator and amplifier laser
systems alike. These improvements resulted in unprecedentedly high stabilization
performance and improved usability for applications in frequency metrology and
attosecond science.
In the first part of the thesis, limitations in CEP stabilization of oscillator pulse
trains were discussed. It was shown that all the steps of the CEP detection process
are corrupted by noise, including the required spectral broadening, the beat signal
generation by RF-heterodyning techniques, and the electro-optic conversion at the
light detector. In order to reduce the impact of the various technical noise sources
on the phase detection at the interferometer, different interferometer topologies
were discussed. For the experiments presented in this thesis, either a monolithic
true common-path interferometer or a novel quasi-common-path interferometer
design was used, both of which are particularly insensitive to external technical
noise.
Besides these practical considerations, the noise stemming from the light detec-
tion was found to represent a more fundamental limitation of the CEP measure-
ment. Depending on the detected light fluence, the noise is either dominated by
optical shot noise or by noise stemming from the light detector itself. The series
of numerical calculations presented in this thesis provides an estimate of the light
levels necessary to achieve a certain beat signal-to-noise-ratio, and for the first time
quantifies the impact of the detection noise on the residual phase jitter.
Given that some CEP detection schemes are mostly limited by the shot noise
induced detection noise floor, the demonstrated improvement of the beat signal-
to-noise-ratio by 20 dB to an overall beat visibility of 60 dB in a 100 kHz resolution
bandwidth constitutes a major breakthrough in terms of detection sensitivity. This
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progress was enabled by an optimization of the supercontinuum generation process.
The experimental results confirmed the numerical simulation of the soliton fission
based broadening process in a photonic crystal fiber, which indicates that rather
short fibers of only several millimeters in length provide an ideal spectral distribu-
tion for the use with an f -2f interferometer.
In combination with a novel double stabilization scheme, the improved CEP de-
tection setup led to a new record-low residual phase jitter of only 20mrad, trans-
lating into a timing jitter of the carrier with respect to the envelope of only 8
attoseconds. This outstanding stabilization performance has become possible by
removing the remaining shortcomings of the feed-forward type CEP stabilization
by the introduction of an additional classic feedback stabilization. This measure
helped to prevent issues arising from a drifting carrier-envelope frequency in a
shifter-based stabilization, such as beam-pointing variations and phase drifts in
the stabilized output.
Despite the achievements of this double stabilization setup, the scheme still does
not present the ultimate solution for CEP control, since it requires back action to
the laser oscillator, which is accompanied by cross-talk to other laser parameters.
To this end, several promising alternative stabilization techniques were proposed,
all of which address the issues of the feed-forward stabilization without the necessity
for feedback into the laser.
One of these new schemes is specifically designed to seed a subsequent amplifier,
as it only generates CEP stabilized pulses at the reduced amplifier repetition rate.
In this novel concept, referred to as the acoustic frequency comb, the synthesis of
transient control signals allows for the operation of the frequency shifter in a pulsed
mode, which has several technical advantages. The proof-of-concept experiments
demonstrated the immunity against drifts of the carrier-envelope frequency, and the
results clearly indicate the potential for sub-100mrad CEP jitters of amplifiers at
virtually any repetition rate. Furthermore, by comparing the CEP stability before
and after the amplification process, the novel concept can help to improve the
understanding of the underlying physical limiting mechanisms for the stabilization
of amplifier systems.
In the last part of this thesis, it was shown that the noise from the light de-
tection can be a limiting factor for CEP stabilization, even for intense, amplified
laser pulses. Numerical calculations of the light levels present in a spectral f -2f
interferometer and computation of the resulting detection noise induced phase jit-
ters helped to identify the materials that are best suited to minimize the noise
corruption of the CEP detection process.
In summary, the analysis of the most limiting aspects of carrier-envelope phase
stabilization led to the introduction of new concepts providing not only cutting-
edge CEP stabilization performance, but also exceptional long-term stability, thus












DFG difference frequency generation
DSO digital sampling oscilloscope
FOM figure of merit
FM frequency modulation
FROG frequency resolved optical gating
FWHM full width at half maximum
FWM four-wave mixing
GD group delay








PCF photonic crystal fiber
PLL phase-locked loop






SAW surface acoustic wave
SHG second harmonic generation
SPIDER spectral phase interferometry for direct electric-field reconstruction
SPM self-phase modulation
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